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Traditional methods for extraction of botanicals, namely maceration and percolation, 
are typically batch processes with limited scalability. Continuous countercurrent 
extraction using horizontal screw to convey feed material against the percolating 
solvent is not only a high throughput continuous process but also an extraction system 
with good scalability. It features an ideal countercurrent mode and provides intimate 
solid-liquid contact by some distinctive features of the system for good extraction 
efficiency. Although continuous countercurrent extraction has been used in the food 
industry for large scale extraction, its application in the extraction of bioactive 
principles from botanicals is limited due to lack of proper understanding of its 
operation and potential, as well as, the generally smaller scale and conservatism in the 
medical products industry. 
 
In this study, a pilot scale horizontal screw continuous countercurrent extractor was 
used to study the extraction of bioactive principles, using licorice roots as a model 
botanical. Using an orthogonal experimental design, the effects of temperature, 
residence time, solvent feed rate and mean particle size of the feed material on the 
extraction efficiency of comminuted licorice roots were investigated. The yields of 
glycyrrhizic acid (a bioactive principle of licorice roots) and total solids were used as 
indicators to assess extraction efficiency. Mean particle size and solvent feed rate 
were found to exert more critical influence on the yield of glycyrrhizic acid whereas 
temperature and residence time showed little effect. This was attributed to the good 
solid-liquid contact attained in the system and the countercurrent flow mode that 
facilitated the extraction rate, thereby allowing comparable extraction to be achieved 
in shorter time and lower temperature. 
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Moderate solvent feed rate, medium particle size, low temperature and short residence 
time in the range studied were found to be optimal for the recovery of glycyrrhizic 
acid. Compared to extraction by maceration, continuous countercurrent extraction was 
more efficient in the recovery of glycyrrhizic acid. In addition, the undesirable effects 
of high temperature can be avoided and shorter process time can be employed without 
compromising the yield.  
 
A conventional approach was first employed to optimize the continuous 
countercurrent extraction process. This involved the operation of each run under a 
specific set of conditions. However, with the orthogonal experimental design, nine 
sets of conditions had to be investigated. Hence, the optimization study was tedious 
and time-consuming. A more rapid and economical optimization method was 
therefore developed. This involved a continuous run mode where different sets of 
conditions were tested, with a wash-out period in between. By using the extractor 
filled to full capacity, changes in processing conditions will enable constant material 
and liquid flow at a steady state to be reached in relatively short times.  
 
The feed material is usually comminuted to enhance its extraction potential. Hence, 
the influence of particle size and associated physical properties on extraction 
efficiency was studied. Comminuted licorice root samples of different mean particle 
sizes were produced by cut milling or impact milling at different rotor speeds. 
Compared to impact milling, cut milling produced samples with larger mean particle 
size and narrower size distribution at the same rotor speed. The size distributions 
became broader as rotor speed increased. These observations were attributed to the 
different milling methods, different fracture behaviour between coarse and fine 
SUMMARY 
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particles, as well as the elastic property of fibrous material. Comminuted samples with 
larger mean particle size were dominated by elongated particles and possessed higher 
bulk densities. They formed more compacted solids beds with lower permeabilities, 
which were detrimental to the performance of the extraction system. Therefore, the 
milling condition is critical to producing particles with suitable physical properties for 
better extraction efficiency. 
 
From this study, the pilot scale horizontal screw continuous countercurrent extractor 
was shown to be effective for the extraction of bioactive constituents from botanicals. 
The better understanding of the operational requirements and the impact of various 
process and feed variables on bioactive extraction efficiency were obtained. The 
continuous countercurrent extraction process was shown to be relatively easy to be 
optimized, easy to operate and produced high extraction efficiency. 
LIST OF TABLES 
 
 x 












Table 3 Equations for estimating the recovery of soluble solids based on 
various process variables. 
 
36 
Table 4 The variables investigated in the orthogonal experimental design 
for continuous countercurrent extraction. 
 
52 
Table 5 The extraction conditions investigated in the orthogonal 
experimental design for continuous countercurrent extraction. 
 
53 
Table 6 Extraction conditions used in the optimization of the continuous 
countercurrent extraction process by the rapid method. 
 
55 




Table 8 Physical characteristics of licorice roots comminuted by cut 
milling for extraction study. 
 
68 
Table 9 Results of Soxhlet extraction. 
 
73 
Table 10 Results of the optimization study for continuous countercurrent 
extraction using orthogonal design L9 (34). 
 
86 
Table 11 Effects of the process and feed variables on extraction efficiency 
of continuous countercurrent extraction. 
 
87 
Table 12 Statistical analysis (ANOVA) of the effects of process and feed 




Table 13 Statistical analysis (ANOVA) of the effects of process and feed 
variables on the yield of glycyrrhizic acid obtained in 
continuous countercurrent extraction. 
 
93 
Table 14 Statistical analysis (ANOVA) of the effects of process and feed 
variables on the glycyrrhizic acid content in total solids obtained 
in continuous countercurrent extraction. 
 
93 
Table 15 Results of validation of optimum process conditions for yield of 
total solids and content of glycyrrhizic acid in total solids 
extracted. 
100 
LIST OF FIGURES 
 xi 




Figure 1 Molecular structure of glycyrrhizic acid (GA). 
 
4 
Figure 2 Diagram of the FitzMill® Comminutor. 
 
42 
Figure 3 The rotating assembly of the FitzMill® Comminutor. 
 
42 




Figure 5 Photograph of a pilot scale continuous countercurrent 
extractor (Niro A/S, Extraction Unit A-27, Denmark). 
 
47 
Figure 6 Ribbon flights of the screw conveyor. 
 
47 
Figure 7 Size distribution of licorice roots comminuted by cut 
milling at rotor speed of 2000 rpm. 
 
63 
Figure 8 Morphology of comminuted licorice roots. (a) Elongated 
particles with larger particle size (b) Thinner and shorter 
particles with smaller particle size. 
 
70 
Figure 9 Amount of glycyrrhizic acid extracted by the maceration 
method from comminuted licorice roots of different 
particle sizes (MMD: 573, 830, 1230 µm) at different 
temperatures (T: 85, 90, 95 °C).  
 
75 
Figure 10 Amount of total solids extracted by the maceration 
method from comminuted licorice roots of different 
particle sizes (MMD: 573, 830, 1230 µm) at different 
temperatures (T: 85, 90, 95 °C). 
 
77 
Figure 11 Content of glycyrrhizic acid in total solids extracted by 
the maceration method from comminuted licorice roots of 
different particle sizes (MMD: 573, 830, 1230 µm) at 
different temperatures (T: 85, 90, 95 °C). 
 
77 
Figure 12 Relationship between conveyor speed and rotational speed 
of the helical screw. 
 
80 
Figure 13 Relationship between rotational speed of helical screw 
and mean residence time. 
 
80 
Figure 14(a) Relationship between bulk density of the comminuted 





LIST OF FIGURES 
 xii 
Figure 14(b) Relationship between tapped density of the comminuted 




Figure 15 Model correlating material tapped density and conveyor 
speed with material flow rate for the 27 L pilot scale 
horizontal screw continuous countercurrent extractor.  
 
83 
Figure 16 Photograph showing the formation of typical cylindrical 
solid plug in the trough. 
 
83 
Figure 17 Relationship between the meter reading of the liquid 
pump and actual water feed rate. 
 
84 
Figure 18 Relationship between S/M ratio and total solids content. 
 
89 
Figure 19 Recovery of glycyrrhizic acid under different extraction 
conditions in the orthogonal design.  
 
92 
Figure 20 Relationship between Brix percent and total solids content 
of extract.  
 
102 
Figure 21 The variation in GA content in total solids (■) and Brix 
percent (○) with time during rapid process optimization in 
continuous mode. Particles of mean size 830 µm extracted 
under condition 1 (temperature 85 °C, residence time 1.3 
h and solvent feed rate 15 kg/h), condition 2 (temperature 
90 °C, residence time 1.5 h and solvent feed rate 10.2 
kg/h) and condition 3 (temperature 95 °C, residence time 



















































The use of complementary and alternative medicine (CAM) is still popular worldwide 
and has even gained popularity in recent decades (WHO, 2005). The rising problems 
of drug resistance in various diseases and the risk of adverse drug reactions have 
prompted clinical scientists to seek for solutions from CAM. The multi-target actions 
of botanical drugs can reduce the incidence of drug resistance (Schuster, 2001; Zhou, 
1998; Ma and Guo, 1994). Therefore, the trend is towards integrating CAM into the 
mainstream medical practice for better therapeutic efficacy with fewer side effects. 
This will have to be done with the introduction of quality products derived from 
evidence-based, clinically accepted demonstration of product therapeutic efficacy and 
safety. 
 
In connection with the use of CAM, a few issues related to quality, safety and efficacy 
have to be addressed (Fong, 2002). Safety and efficacy of botanical drugs have to be 
supported by a comprehensive pharmacological and toxicological database, as well as 
assurance and improvement in product quality from the point of good agricultural 
practices (GAPs) to good manufacturing practices (GMPs) (Fong, 2002). The 
improvements in the formulation and dosage form design for botanical drugs are also 
some of the impending needs (Li et al., 2001). 
 
Extraction process is the first step in the production of botanical drug products. It is a 
critical process at the initial stage of manufacturing to ensure efficacy of product as 
the levels of bioactive constituents can vary greatly with different extraction methods. 
Therefore, a better understanding and improvement in the extraction technology for 
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bioactive botanical products will undoubtedly provide a strong support for the use of 
CAM in mainstream medical practice. 
 
2. BIOACTIVE BOTANICALS 
2.1 Plant cell: structure and bioactive constituents 
Plant cells synthesize a wide range of phytochemicals either as primary metabolites to 
support the vital function of the cells or as secondary metabolites, which are 
byproduct or waste of metabolism. The vast variety of phytochemicals can be 
categorized into carbohydrates, proteins, lipids, alkaloids, flavonoids, tannins, 
saponins and others. They are mainly stored in the vacuoles and cytoplasm. Cell 
membranes are semipermeable, allowing transportation of soluble substances across 
the membranes. The permeability can be altered by chemical or physical treatment, 
namely thermal or osmotic effect. Surrounding the cytoplasm is the cell wall which 
provides rigid support to the cell. It is mainly composed of a network of cellulose 
microfibrils embedded in a matrix of polysaccharides and proteins. Solutes can be 
transported through channels penetrating the cell wall or across the porous matrix of 
the cell wall (Aguilera and Stanley, 1999). 
 
Many secondary metabolites have been found to have medicinal value (Starmans and 
Nijhuis, 1996). The secondary metabolites produced can differ by cell type, plant 
organ and species of plant as well as growth period. Therefore, the quality and 
quantity of the bioactive constituents in botanicals are often affected by the 
environmental factors, species differences, organ specificity, diurnal and seasonal 
variations as well as harvest time (Fong, 2002). In cases where multiple botanical 
drugs are combined as a preparation, the therapeutic effect could be attributed to the 
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synergism of a few bioactive constituents from different plants or new chemical 
complexes formed by the chemical reactions among the constituents (Yuan et al., 
1999).  
 
2.2 Licorice roots 
Licorice is the root of Glycyrrhiza uralensis Fisch, a botanical that has been widely 
used for over 2000 years. Owing to its multidimensional effects, it is commonly used 
in combination with other botanical drugs for therapeutic purposes. Extensive studies 
have reported its clinical value, which includes anti-inflammatory, immuno-
modulatory, anti-cancer, anti-ulcerative, anti-viral and anti-microbial properties. 
Inhibitory effects of licorice on the severe acute respiratory syndrome-associated 
coronavirus (SARS-CV) have been identified recently (Cinatl et al., 2003). The major 
active principles of licorice are glycyrrhizin and glycyrrhetinic acid. Glycyrrhizin, a 
triterpenoid saponin, is the most abundant. It exists as the calcium or potassium salt of 
glycyrrhizic acid (Figure 1) within the plant cell and it is usually used as an indicator 
of the licorice quality. Many extraction methods have been developed and studies 
carried out to produce licorice extracts with high contents of glycyrrhizic acid (Guo et 
al., 2002; Murav’ev and Zyubr, 1972; Ong and Len, 2003; Pan et al., 2000; Wang et 
al., 2004; Wu et al., 2001).  
 
Figure 1 Molecular structure of glycyrrhizic acid (GA). 
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3. SIZE REDUCTION OF BOTANICAL SAMPLES FOR EXTRACTION 
3.1 Importance of size reduction  
Particle size plays a critical role in many pharmaceutical processes by providing a 
controlled chemical reactivity or physical attribute in processing and bulk solid 
handling. In extraction process, it is important to use botanical raw materials of 
appropriate particle size for optimum extraction efficiency. Generally, smaller particle 
size increases the surface area available for extraction while suitable size distribution 
contributes to the formation of a permeable solids bed for solvent penetration. With 
appropriate particle size, the amount of raw material required may be reduced due to 
the increase in extraction efficiency. A percentage of fines (below 200 µm) 
(Carstensen, 2001) may impose detrimental effects in the operation of the extraction 
system and difficulties in clarification of the extracts. 
 
The optimum size range for extraction depends on the properties of the botanical raw 
material, extraction method and the equipment used. Woody parts such as stems and 
roots require greater extent of size reduction to overcome the diffusional resistance 
due to the highly lignified matrix. On the other hand, plant tissue of aerial parts can be 
easily penetrated by solvent; therefore size reduction may not be crucial for better 
extraction efficiency. The relationship between the extraction method and particle size 
is discussed in a later section.  
 
3.2 Methods of size reduction 
Size reduction is carried out by employing an external force to initiate a series of 
crack propagation which runs through the region of most flaws, resulting in fracture. 
There are mainly four types of size reduction methods, namely: cutting, impact, 
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attrition and compression (Staniforth, 2001). They differ by the forces used to bring 
about size reduction and therefore suitable for different types of materials, as 
summarized in Table 1. Attrition and compression methods are not suitable for 
fibrous material. Both cut and impact milling have been used for comminution of 
botanicals (Staniforth, 2001; Gertenbach, 2002; Himmel et al., 1985; Paulrud et al., 
2002). The effects of these two milling methods on the properties of the comminuted 
botanical materials and subsequent extraction efficiency were investigated in this 
study. 
 
Table 1 The mechanism and application of various size reduction methods. 
Milling Method  Milling Mechanism 
 
 Suitable Type of 
Material 
Cutting  High rate of shear force and impact 
force at tip contact 
 Friable and elastic  
Fibrous 
 
Impact  High rate of force application by blunt 
end (hammer-type mill) or collision 














3.3 Process variables affecting size reduction 
Often, cut or impact milling is carried out using a rotary mill. Raw materials that are 
introduced into the mill through the feed throat are hit by the rotating blades and 
fractured to smaller sizes. Particles smaller than the aperture of the retention screen 
fitted underneath will discharge through the screen while the rest remains in the 




The process variables affecting the performance of a size reduction process are 
discussed in the following section. These variables can be controlled to produce 
particles within the desired size range.   
 
3.3.1 Blade profile  
The knife-edged or sharp blade performs cut milling by applying high shear force to 
cleave the particle to smaller size. The blunt-edged or hammer-end blade applies a 
high rate of impact force to hit the particle and fracture it. Impact milling is capable of 
reducing the particle size down to 10 µm whereas for cut milling, down to 100 µm 
(Staniforth, 2001). 
 
3.3.2 Rotor Speed 
Among all the process variables, the rotor speed of the blade affects the particle size 
of the product to a great extent. Basically, the higher the rotor speed, the smaller the 
particles produced. Higher speed also creates more turbulence in the comminution 
chamber, increasing the frequency of attrition and collision among particles, and 
between particles and chamber wall (Carstensen, 1993). 
 
3.3.3 Retention screen  
The retention screen fitted beneath the blade rotation arc helps to regulate the size of 
the product. It also retains the sample in the chamber such that the sample is 
comminuted sufficiently to size small enough to pass through the screen apertures. 
The longer the sample resides in the chamber, the larger amount of fine particles is 




The screen is available in different aperture sizes, types of perforation, thickness and 
total open surface area. All these variables act in conjunction to affect the particle size 
of the product. The particle size of the product decreases as aperture size decreases. 
The whirl of the rotation causes the particles to pass through the screen in a tangential 
trajectory and exit from the aperture at a shallow angle. Hence, the size of the 
particles that pass through is actually smaller than that allowed by the aperture size 
(Carstensen, 2001). The exit angle is shallower when a higher rotor speed or thicker 
screen is used, only allowing particles of even smaller size to pass through.   
 
The type of perforation affects the total open surface area of the screen, resulting in 
various extent of size reduction. The probability for a particle to pass through the 
screen is higher when a screen of larger total open surface area is used. Particles that 
hit the screen and bounce back into the milling chamber will be subjected to further 
breakage. Square perforations offer larger total open area than round ones.  
 
3.3.4 Milling time 
Milling time determines the extent of milling (Staniforth, 2001). Increase milling time 
or particles’ residence time in the milling chamber resulted in further breakage of 
particles, produced larger amount of fine particles.  
 
4. BIOACTIVE EXTRACTION PROCESS  
4.1 Fundamentals of bioactive botanicals extraction 
Bioactive botanicals extraction is a process by which bioactive compounds naturally 
found in plants are recovered. It involves a series of diffusion or mass transfer of 
molecules or compounds, through cellular plant matrix, into a solvent medium. Plant 
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matrix is a network of intricate microstructures including plant cells, intercellular 
spaces, capillaries and pores. There are primarily five steps involved in extraction 
(Aguilera, 2003): 
(i) diffusion of solvent into plant matrix; 
(ii) dissolution of various compounds in the plant material into the solvent; 
(iii) internal diffusion involving transfer of solutes through the plant matrix to its 
surface, driven by concentration gradient; 
(iv) external diffusion involving transfer of solutes from the boundary layer at the 
surface of plant matrix to the surrounding bulk solvent, driven by 
concentration gradient; and 
(v) solvent displacement involving relative movement of solvent with respect to 
the solids. 
 
Equilibrium refers to a condition where dynamic balance in the distribution of a solute 
in the solvent within and outside the plant matrix is established. When equilibrium is 
reached, the concentrations of the solute in the solvent outside (Cs) and within (Cm) 
the plant matrix are equal and remain constant despite extension of contact time. This 
relationship is described by the following equation:  
K = Cs / Cm          (1) 
where K is the equilibrium constant. A larger K value indicates a larger amount of the 
solute in the solvent. It is a function of the solvent type and temperature (Gertenbach, 
2002). The time for equilibrium to be reached depends on the rate of the 





The rate of mass transfer, which describes the rate at which a solute is transferred 
from one phase (solvent within plant matrix) to another phase (solvent outside plant 
matrix), is expressed as: 
N = k (Cm - Cs)         (2) 
where N is the flux of the solute per unit of the interface area, k is the overall mass 
transfer coefficient, and (Cm - Cs) is the difference in solute concentration between 
the solvent within and outside the plant matrix. The concentration difference serves as 
a driving force for diffusion of the solute to take place. A larger concentration 
difference facilitates mass transfer. However, as equilibrium is approached, the 
concentration difference diminishes which in turn lowers the mass transfer rate. 
Therefore, equilibrium is often avoided in the extraction process to maintain the 
driving force. 
 
The overall mass transfer coefficient, k, is related to the individual local mass transfer 
coefficient in the solvent outside (ks) and within (km) the plant matrix, as shown 
below: 
1 / k = 1 / mks + 1 / km         (3) 
where m is a value representing the equilibrium relationship between solute 
concentration in the solvent within and outside the plant matrix. Therefore, the rate of 
mass transfer is often limited by the resistance due to the plant matrix and solvent in 
two critical rate-limiting steps: (a) intra-matrix (intra-particle) diffusion resistance in 
internal diffusion, and (b) liquid film diffusion resistance in external diffusion.  
 
The liquid film resistance mainly arises from the diffusion of the solute through the 
boundary layer where the liquid is stagnant (Clarke, 1987; Treybal, 1980). On the 
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other hand, the intra-matrix diffusion resistance is complicated by the interaction of 
plant matrix with the solute (Aguilera and Stanley, 1999). The significance of these 
two types of resistance in mass transfer is indicated by the dimensionless Sherwood 
number, Nsh: 
Nsh = ksd / Dm          (4) 
where d is the dimension of the plant matrix such as diameter, and Dm is the diffusion 
coefficient in the solvent within the plant matrix. ks can be related to the diffusion 
coefficient of the solute in the solvent outside the plant matrix (Ds) and the thickness 
of the boundary layer (δ) as follows: 
ks = Ds / δ          (5) 
A high Nsh suggests significant intra-matrix diffusion which is negligible at low Nsh 
(Clarke, 1987; Aguilera, 2003). 
 
Diffusion coefficient of a solute in a dilute solution is a function of the molecular size 
of the solute and the environment conditions (Treybal, 1980; Cussler, 1997) and it can 
be expressed by Stokes-Einstein equation:  
D = bT / (6piηrs)         (6) 
where b is the Boltzmann’s constant, T is the absolute temperature, η is the viscosity 
of solvent and rs is the radius of the diffusing molecule. This equation shows that the 
magnitude of diffusion coefficient corresponds directly to temperature but inversely to 
the viscosity of solvent and size of the molecule (Aguilera, 2003). The diffusion 
coefficient within the plant matrix is further affected by interaction of the solute with 





The diffusion of a solute is governed by Fick’s first law: 
J = Aj = -ADdc / dx         (7) 
where J is the unidimensional flux of the solute, j is the flux per unit area, A is the 
traverse area of the flux, D is the diffusion coefficient and dc/dx is the concentration 
gradient over a distance x.  
 
It can therefore be concluded that the rate of extraction can be enhanced by elevated 
temperature, larger contact area for diffusion, reduced viscosity of solvent, larger 
concentration gradient and a shorter diffusion path. In the case of intra-matrix 
diffusion, a shorter diffusion path can be achieved by particle size reduction. As for 
diffusion across the boundary layer, the thickness of the layer can be reduced by a 
higher rate of solvent displacement or turbulent flow of the bulk solvent.  
 
4.2 Extraction methods 
The factors affecting the rate of mass transfer and the equilibrium constant are the 
important variables that affect the extraction process. The significance of these 
variables on extraction efficiency varies with the extraction method and system used. 
Different extraction methods can result in variation in the content of bioactive 
constituents extracted. The choice of an extraction method depends on the properties 
and quantity of botanicals as well as the cost for the extraction system and 
downstream processing involved. The conventional extraction methods, namely 
maceration, percolation and countercurrent extraction, mainly differ by the solid-
liquid contact pattern. In contrast, the extraction methods developed in recent years 
explore different sources of energy for better extraction efficiency. Faster extraction 
could be achieved with the application of microwave (Wang et al., 2003, Pan et al., 
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2000, Guo et al., 2001; Guo et al., 2002; Kaufmann and Christen, 2002; Wang and 
Weller, 2006), ultrasonics (Hromádková et al., 1999; Zhang et al., 2005; Wang and 
Weller, 2006) and high pressure (Wang and Weller, 2006; Zhang et al., 2004; Ong 
and Len, 2003). However, most of these extraction methods are batch processes with 
limited scalability.  
 
In a batch operation, specific amounts of solids and solvent are placed in an extractor 
for a predetermined period of time for maximum extraction, after which the extract is 
collected and spent solids discharged. The process is then repeated with fresh solids 
and solvent. Such extraction processes have been fraught with technical challenges of 
geometric scale-up which tend to compromise extraction efficiency. Furthermore, the 
high costs of designing and manufacturing scaled-up equipment, as well as 
availability of operation area, make it economically unattractive for many product 
manufacturers.  
 
Conversely, in continuous operation, solids and solvent are introduced continuously 
into the extractor at a rate that allows sufficient solid-liquid contact for maximum 
bioactive recovery while extract and spent solids are also discharged continuously. A 
continuous extraction process, principally performed by countercurrent mode, can 
overcome the limitations in scalability and improve overall production throughput by 
repeating the process in time dimension instead of increasing the geometric 
dimensions of the equipment used in a batch process. As a result, products are less 
exposed to changes in process variables in conjunction with transfer of heat, mass and 
momentum during scale-up (Leuenberger, 2001; Betz et al., 2003) thereby, 




Maceration is carried out by immersing a botanical sample in solvent for a prolonged 
period of time in a closed vessel where an internal agitator may be installed to 
suspend the particles in the solvent for intimate solid-liquid contact. This method of 
extraction is applicable to botanical samples of finely ground, high swelling index or 
rich in mucilages as the problems related to packed solid bed constituted by particles 
of such properties can be avoided (Bombardelli, 1991). However, extracts produced 
often require extra filtration or clarification process. Additional step of pressing the 
spent solids is also taken to reduce loss of extract to the discharged solids (Swarbrick 
and Boylan, 1997). The solvent capacity is not fully utilized in this method, resulting 
in higher solvent consumption, as well as higher cost of solvent recovery and extract 
concentration. Stirred-tanks can be connected in series or parallel, either in co-current 
or countercurrent mode, to improve the yield and optimize solvent capacity (Eggers 
and Jaegar, 2003). 
 
4.2.2 Percolation 
Percolation is carried out by allowing the solvent to flow through a fixed solid bed in 
a cylindrical vessel. The solvent can be replaced by a fresh batch or recirculated 
multiple times until solvent capacity is fully utilized. In continuous repercolation, e.g. 
Soxhlet extraction, a stream of fresh solvent is continuously replenished by the 
condensation of the solvent evaporated from extract concentration that takes place 
concurrently. The process is carried out repeatedly till complete exhaustion of the 




Coarse particles with narrower size distribution are required to form a permeable bed 
that allows uniform solvent flow at suitable rate for better extraction efficiency. A less 
permeable solid bed may lead to preferential channeling, resulting in non-
homogeneous extraction (Spaninks and Bruin, 1979; Bombardelli, 1991; Clarke, 
1987). A pressure drop across the solid bed usually occurs when the packed solids are 
mainly comprised of fine particles. The fine particles tend to migrate downwards, fill 
up the voidage, forming a compressible solid bed which is more compacted at the 
lower part. The bed height will shrink progressively and the solvent flow impeded 
gradually (Clarke, 1987). This can be represented by the Kozeny-Carmen equation 
which describes the pressure drop across a packed solids bed (∆ P) as a function of 
solvent flow rate (v0), bed height (L), fractional void volume (ε) as well as properties 
of the solid and solvent (Gertenbach, 2002): 
 150 L v0 η (1 – ε)2 
∆ P =  ----------------------        (8) 
     gcΦs2Dpm2 ε3 
 
where the related solid properties include particle size (Dpm, mean effective diameter) 
and shape (Φs, sphericity) in addition to the viscosity of the solvent (η). gc is 
gravitational constant. The equation shows that the pressure drop is proportionately 
increased when the bed height or solvent flow rate is increased, resulting in 
impediment of solvent flow and interruption of extraction process. This problem is 
commonly encountered in large installation. High pressure is often applied to 
maintain the solvent flow through the solid bed (Clarke, 1987). Therefore, though the 
use of coarse particles results in lower yield, the adverse effect on extraction due to 




Treatment of the sample prior to loading is often required. Pre-moistening of the 
sample can reduce the degree of flow blockage, which may otherwise occur due to the 
swelling of material in a confined vessel after solvent imbibition, especially when an 
aqueous solvent is used. It also prevents the formation of preferential channels and 
enhances the permeability of cell walls (Bombardelli, 1991).  
 
Compared to maceration, loss of yield is lower in percolation as the solid bed is 
largely exhausted by the end of extraction. This method allows total exhaustion of the 
solids but the solvent capacity is still not optimized. Large quantity of solvent is used. 
Besides, unloading of the spent solids, recovery of the solvent and concentration of 
the extract are laborious (Clarke, 1987). 
 
4.2.3 Countercurrent extraction 
Countercurrent extraction is an efficient method that can be carried out as a batch or 
continuous process. It features a relative movement between the solids and solvent, 
where fresh solids meet the solvent at its highest solute concentration while exhausted 
solids meet the fresh solvent stagewise or continuously. The countercurrent flow 
provides a greater overall driving force for mass transfer than co-current flow. 
Furthermore, solute concentration higher than the equilibrium concentration can be 
achieved in the extract (Wiesenborn et al., 1999). Solvent consumption is also 
reduced as the solvent capacity is optimized (Schwartzberg, 1980). Therefore, 
countercurrent extraction offers a high recovery of soluble solids (above 90 %) and a 





4.2.3.1 Multi-stage countercurrent extraction  
The countercurrent extraction process that involves a number of batch percolators 
connected in series, ranging from five to eight, can be regarded as a quasi-continuous 
process (Eggers and Jaegar, 2003) or multistage countercurrent extraction process 
(Treybal, 1980; Wang et al., 2004). The process is carried out such that the solid bed 
of decreasing solute content meets the solvent of lower solute concentration in 
countercurrent mode from stage to stage. Compared to the percolation method that 
employs co-current flow, solids are exposed to a smaller solute concentration 
difference in countercurrent mode, which can minimize the undesired osmotic effect 
leading to excessive swelling of the solid bed (Schwartzberg, 1980). However, the 
individual percolation battery is still confronted with the difficulties in scale-up.  
 
Multi-stage countercurrent extraction is widely used for extraction of coffee beans 
and other botanicals of nutraceutical value (Clarke, 1987; Wang et al., 2004; 
Murav’ev and Zyubr, 1972; Powell et al., 2005b). The critical process variables are 
essentially similar to those of the percolation method, except that it includes the cycle 
time (extraction time), the number of cycles and the number of extraction stages or 
percolator required (Clarke, 1987; Murav’ev and Zyubr, 1972; Wang et al., 2004). 
Using a mathematical model, the required number of stages or percolator as well as 
cycle time can be estimated (Gertenbach, 2002; Treybal, 1980; Spaninks and Bruin, 
1979; Toledo, 1991; Desai and Schwartzberg, 1980). Increase in number of percolator 
and cycle time can secure a more complete extraction. The effects of the duration of 
steeping and ratio of liquid-to-solids were also studied (Murav’ev and Zyubr, 1972; 
Wang et al., 2004). These factors were found to affect the type and amount of 
compounds extracted. Compared to glycyrrhizic acid and other extractable solids, 
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flavonoids required the lowest ratio of liquid-to-solids as well as the shortest steeping 
time. A better extraction efficiency for glycyrrhizic acid, with respect to time, energy 
and solvent consumption, was obtained by employing a multi-stage countercurrent 
extractor in comparison with a batch extractor (Wang et al., 2004).   
 
4.2.3.2 Horizontal screw continuous countercurrent extraction  
There are many types of continuous countercurrent extraction systems based on the 
differences in conveyors used (Schwartzberg, 1980). The use of a horizontal helical 
screw to convey feed material against the percolating solvent not only provides an 
ideal continuous countercurrent mode for solid-liquid contact but also a high 
throughput extraction process with good scalability. The De Danske Sukkerfabrikker 
(DDS) diffuser which employed a horizontal screw as conveyor was rated as a 
versatile extraction system in a review on continuous countercurrent extraction system 
in the food industry (Schwartzberg, 1980). It was first introduced in the 1960’s for 
extraction of sugar from sugar beets. Based on this model, a series of units with 
working volume ranging from 27 L in pilot scale to 2700 L in process scale with 
capacity up to 500-1000 kg/h of feed materials was developed (Schwartzberg, 1980). 
The unit is mainly scaled-up by extending the total length of the extractor. Therefore, 
the scalability does not suffer from pressure drop that is a common problem with the 
large percolation battery. The process parameters developed in pilot scale equipment 
can therefore be transferred to larger process scale with less technical deviations in 
processing and product quality. Bench-scale equipment with solvent holding volume 
of 2 L had been developed by Wiesenborn and co-workers (1993, 1996, 1999) to 




In extractors where a single screw is installed, the solids tend to ride up one side of 
the extraction trough while the solvent flows through without percolating the solids 
bed. Hence, modifications have been made to improve the solid-liquid contact by 
designing intermittent reversing rotation movement for the helical screw (Casimir, 
1983; Gunasekaran et al., 1989) or installing intra-flight mixing paddles (Kim et al., 
2001, 2002). Twin-screw conveyor provides better solid-liquid contact (Kim et al., 
2001), higher positive delivering capacity and lower energy consumption (Qian et al., 
1996). However, the cost of such equipment will have to be much higher. The 
application of two-stage continuous countercurrent extraction in coffee extraction that 
gave yields as high as 60 % was reported. In the first stage, atmospheric pressure and 
a temperature of 100 °C were employed. In the second stage, a temperature above 100 
°C and higher pressure were used to extract the remaining solutes (Clarke, 1987). 
 
The application of horizontal helical screw continuous countercurrent extractor is 
well-established in the food industry for the extraction of a wide range of products 
that includes sugar beets, apples, (Schwartzberg, 1980; Østerberg and SØrensen, 1981; 
Casimir, 1983; Binkley and Wiley, 1978; Gunasekaran et al., 1989) and coffee 
(Clarke, 1987; Stoltze and Masters, 1979). Its application in the recovery of 
anthocyanin pigment and pectin from sunflower heads (Wiesenborn et al., 1993, 
1996, 1999), hemicelluloses from softwood (Kim et al., 2001, 2002) and organic 
acids from ensiled sweet sorghum (Noah and Linden, 1989a, b) has also been 
reported. However, it is not suitable for handling oilseed and fine materials 
(Schwartzberg, 1980; Clarke, 1987). Its potential application in the medicinal plant 
industry was discussed in a few review papers on the extraction technology for 
medicinal plants (Starmans and Nijhuis, 1996; Bombardelli, 1991; Gartenbech 2002).  
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The advantage of the horizontal screw continuous countercurrent extractor to produce 
extracts of higher soluble solids concentration than batch processing at the same 
liquid-to-solids ratio is well-acknowledged (Binkley and Wiley, 1978; Schwartzberg, 
1980; Wiesenborn et al., 1993, 1996, 1999). Its solvent consumption is much lower, 
which in turn, minimizes the cost of solvent recovery and extract concentration 
(Schwartzberg, 1980). The solvent consumption could be further reduced by re-
introducing the extract recovered from spent solids together with fresh solvent into the 
extraction chamber (Emch, 1980). A good solid-liquid contact can be achieved in this 
system by the countercurrent flow mode, as well as the spiral travel path of the 
particles which increases contact time and the rotating screws that provide a 
compression-relaxation action on the plant matrix to facilitate the penetration of 
solvent into the plant matrix. The screws, sometimes separate set, also help to squeeze 
out the extracts from the solid bed prior to discharge to increase the yield.  
 
A number of limitations that are related to the hydrodynamic instabilities of solid-
liquid contact have been reported (Wiesenborn et al., 1993). Undesirable solid and 
liquid plug flow may arise due to non-uniform movement. The solids tend to be 
transmitted faster at the crown of the screw rather than at its bottom (Schwartzberg, 
1980). On the other hand, the liquid may not be percolating through the moving solids 
bed at a uniform rate due to the non-homogeneous permeability of the bed. The 
extraction efficiency will be reduced if finely ground raw materials are used as very 
fine particles will form sediment at the bottom of the extraction trough as well as 
results in plugging of extract outlet pipeline (Bombardelli, 1991; Schwartzberg, 1980; 
Kim et al., 2002). Excessive disintegration of the solids was found to be related to the 
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force of the screw (Schwartzberg, 1980). Hence, compared to other extraction 
methods, the extracts produced contain larger amounts of fines from the feed material. 
 
4.2.3.3 Influence of various factors on extraction efficiency 
In a batch operation, the concentration gradient in the extraction system decreases 
over time as the equilibrium is approached (Wiesenborn et al., 1999). In contrast, the 
continuous countercurrent flow maintains a concentration gradient that serves as a 
driving force for mass transfer. The dynamic relative movement allows a 
concentration difference to be continuously created, as well as reduces the thickness 
of the stationary liquid film, thereby enabling a high extraction rate. Besides, the 
smaller concentration difference can also minimize the osmotic effect that leads to 
swelling of solids bed (Schwartzberg, 1980).  
 
Generally, the extraction rate in a batch operation depends on temperature, particle 
size of material, liquid-to-solids ratio and the movement of the solvent around the 
particle. The critical parameters for high extraction efficiency in a continuous 
countercurrent extraction operation can be different from those of a batch operation. 
This is attributed to the good solid-liquid contact contributed by the continuous 
countercurrent mode and the system features that improve the contact. The effects of 
particle size (Kim et al., 2002) and process parameters, namely residence time and 
temperature (Noah and Linden, 1989a; Østerberg and SØrensen, 1981; Wiesenborn et 
al., 1993), solvent feed rate (Østerberg and SØrensen, 1981; Wiesenborn et al., 1993, 
Kim et al., 2002), material feed rate (Wiesenborn et al., 1993, Kim et al., 2002), ratio 
of solvent to feed materials (Noah and Linden, 1989a; Wiesenborn et al., 1993, 
1996,1999; Kim et al., 2001, 2002) and angle of inclination of extraction chamber 
INTRODUCTION 
 22 
(Kim et al., 2002; Binkley and Wiley, 1978) on the extraction of soluble solids and 
some macromolecules, such as pigments, pectin and hemicelluloses, have been 
investigated. The primary objective of controlling the variables of the extraction 
process is to provide optimal extraction conditions such that the bioactive components 
are virtually totally extracted by the time the materials travel through the length of the 
extractor (Bombardelli, 1991). 
 
4.2.3.3.1 Temperature 
Temperature affects both equilibrium constant and mass transfer rate. It increases the 
solubility of solutes which results in extracts of higher solute concentration, and 
enhances extraction rate which enables equilibrium to be attained in a shorter time. 
Thermal effect enhances the permeability of cell membrane to solutes and disrupts the 
molecule-matrix interaction by hydrogen bonding, van der Waals forces, and/or 
dipole attraction (Ong and Len, 2003). Besides, the rate of diffusion is enhanced 
because the diffusion coefficient of a molecule in a solvent increases as the solvent 
viscosity decreases at elevated temperature. The transfer rates of compounds of 
different molecular weights were found to vary with temperature to different extent 
(Zhang et al., 2005). Minerals in plant cell are often more sensitive to temperature rise 
than water-soluble carbohydrates (Spiess et al., 2002). Hence, selective extraction of a 
multicomponent system may be accomplished by temperature control. 
 
The semipermeable cell membrane acts as a selective barrier for transport of 
substances in and out of the plant cell. It often retains high molecular weight 
compounds such as colloidal and albuminous compounds (Treybal, 1980). Most of 
these high molecular weight compounds do not exhibit significant medicinal value 
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and their presence imposes problems in clarification, concentration and formulation. 
Extraction of bioactive constituents is accomplished by their transfer through the 
semipermeable cell membrane. The diffusion rate is low at room temperature and 
often acts as one of the rate-limiting steps in the extraction process. The permeability 
of the cell membrane and the diffusion rate of the solute can be enhanced by physical 
treatment involving thermal, pressure and/or osmotic effects (Spiess et al., 2002).  
Denaturation of the cell membrane generally takes place at temperature of 50-60 °C 
(Østerberg and SØrensen, 1981), the extent of which varies with the part and species 
of the plant. It increases the permeability of the cell membrane and the rate of 
extraction. Blanching takes place when the temperature is elevated above 90 °C 
(Spiess et al., 2002). The cell contents are released into the surrounding liquid 
medium upon disintegration of the cell wall. At 95 °C, extraction of all water-soluble 
substances in plant cells can be accomplished (Spiess et al., 2002). In certain 
circumstances, temperature is elevated above 100 °C to facilitate structural 
degradation and dissolution of poorly soluble compounds (Clarke, 1987). 
 
Therefore, increasing the temperature beyond the equilibrium stage of a component 
does not result in higher yield but leads to excessive extraction of undesirable 
compounds, deterioration of thermolabile components and/or vaporization of volatile 
compounds. In certain cases, the elevated temperature disintegrated the structure of 
some biomass and impaired the selectivity of some solvents (Gertenbach, 2002).  
 
In a horizontal screw continuous countercurrent extractor, the temperature of the 
solvent inlet and the water or steam jacket that surrounds the extraction chamber can 
be adjusted to the desired level. The jacket maintains the process temperature within 
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the desired range. Uniform or varying temperature profiles can be imparted to the 
different sections of the trough, providing a versatile temperature control. Three 
different temperatures controlled by three separate jackets were employed for coffee 
extraction, with 100 °C near the material inlet and 175 °C towards the end of the 
trough (Clarke, 1987). 
 
The sensitivity of the feed materials to the thermal effect in continuous countercurrent 
extraction may differ from that in a batch operation. Findings showed that the 
extraction of soluble solids was enhanced by elevated temperature to a greater extent 
in a batch operation than a continuous countercurrent process (Wiesenborn et al., 
1996). However, the latter enabled a higher yield for a wide range of substances under 
the same extraction temperature (Wiesenborn et al., 1996, 1999). This was attributed 
to the good solid-liquid contact attained in the system that allowed complete recovery 
at lower temperature and shorter time, which also explains the lower sensitivity of the 
feed material to increase in temperature. At low temperature where the solute 
solubility is limited and at high temperature where maximum recovery is attained, 
continuous countercurrent extraction produced the same yield as a batch operation.  
 
Besides, interaction among the process variables affects the impact of the individual 
variables. The effect of temperature has been shown to be less prominent when used 
in conjunction with high liquid-to-solids ratio. Wiesenborn and co-workers (1996) 
reported similar amounts of soluble solids were recovered from sunflower heads at 
temperatures ranging from 60 to 75 °C when high liquid-to-solids ratios ranging from 
25 to 35 were used. However, a higher extraction temperature is useful when lower 
liquid-to-solids ratio is employed to reduce solvent consumption (Wiesenborn et al., 
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1996; Kim et al., 2001). Alternatively, higher temperature could be used in 
conjunction with shorter residence time (Wiesenborn et al., 1993). The effect of 
temperature on yield was found to be more critical than that of extraction time in 
countercurrent extraction (Moure et al., 2003).  
 
4.2.3.3.2 Liquid-to-solids ratio  
In a continuous process, the liquid-to-solids ratio (L/S ratio) is often expressed as the 
ratio of solvent feed rate and material feed rate (S/M ratio) (Wiesenborn et al., 1993, 
1996). The term, draft, is a similar index used in some studies particularly when 
mathematical modeling is involved (Hugot, 1972; Østerberg and SØrensen, 1981; 
Gunasekaran et al., 1989). The L/S ratio has also been defined as the weight ratio of 
extract obtained to feed material (Hugot, 1972). Though the definitions are different, 
they primarily represent the ratio between the amounts of solvent and solids used and 
serve as important parameters in the study of extraction processes. In continuous 
countercurrent extraction, a higher S/M ratio can be obtained by increasing the 
solvent feed rate or reducing the material feed rate. Increasing solvent feed rate 
promotes higher solvent displacement from the surface of the feed particles. However, 
excessively high solvent feed rate will cause flooding in the extractor, leading to 
solvent backflow and loss of yield (Wiesenborn et al., 1993).  
 
As indicated in the equation (2) in Section 4.1, the concentration gradient governs the 
rate of mass transfer. Higher L/S ratio gives rise to a greater concentration gradient 
that forms a stronger driving force for extraction. Greater L/S ratio also provides more 
solvent capacity for more complete removal of solutes but it produces a more diluted 
extract. Besides, the viscosity of the liquid medium increases to a greater extent 
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during extraction when a lower L/S ratio is employed, resulting in higher resistance to 
diffusion of solutes (Wiesenborn et al., 1999).  
 
The yield generally increases with increasing L/S ratio and reaches a maximum 
beyond which further increase in L/S ratio imposes negative effects on the extraction 
and subsequent downstream processes. The osmotic effect at high L/S ratio may 
affect the integrity of the cell wall, causing the release of large amounts of undesired 
compounds that may in turn, complex with the bioactive constituents. Loss of active 
constituents has been related to high L/S ratio, especially for aqueous solvents (Guo et 
al., 2001). Starches and other gelatinous materials extracted by water can complicate 
secondary processing. Besides, high L/S ratio produces diluted extracts that impose 
higher cost due to greater concentration and solvent recovery requirements. Ideally, 
the L/S ratio employed should produce a concentrated extract while maintaining 
adequate extraction efficiency (Gertenbach, 2002; Kim et al., 2001, Wiesenborn et 
al., 1999). 
 
The optimum L/S ratio depends on the extraction method used. L/S ratio above 9 is 
often required for extraction methods of batch operation (Wiesenborn et al., 1993) 
such as maceration whereas a lower ratio suffices for extraction methods with better 
solid-liquid contact. Continuous countercurrent extraction allows solvent capacity to 
be fully utilized, with L/S ratio as low as 2 or 3 capable of giving soluble solids 
recovery above 90 % (Hugot, 1972; Kim et al., 2001). 
 
Horizontal screw continuous countercurrent extraction produced higher extraction 
efficiency than batch operation using maceration when the optimum L/S ratio was 
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used (Wiesenborn et al., 1999). However, at markedly lower or higher L/S ratios, 
these two extraction processes showed similar extraction efficiencies. The continuous 
countercurrent extraction process was less sensitive to variation in the L/S ratio as 
high recovery could be achieved over a wide range of L/S ratios (Wiesenborn et al., 
1999). This can be attributed to the good solid-liquid contact that enables complete 
extraction in a shorter time. Therefore, the minimum L/S ratio is generally employed 
to reduce solvent consumption without loss in yield. Conversely, the effect of L/S 
ratio is more evident in a batch operation where the extraction efficiency can be 
significantly improved by controlling the L/S ratio (Wiesenborn et al., 1996). 
 
Similar to the response to thermal effect, some compounds display selective transfer 
which is dependent on the L/S ratio. Wiesenborn and co-workers (1996) showed that 
soluble solids were extracted more readily than pigment and pectin at low L/S ratios. 
The recovery increased and gradually leveled off as the L/S ratio increased. The 
extraction of the pigment and pectin occurred only at higher L/S ratios, at which 
maximum recovery of the soluble solids had been accomplished.  
 
4.2.3.3.3 Extraction time and residence time 
Extraction time refers to the duration of solid-liquid contact to exhaust the raw 
material. Keeping other variables constant, the extract concentration was found to 
vary linearly with the extraction time within a certain range (Noah and Linden, 
1989a). As in the case of other factors discussed earlier, extending the extraction time 
is not always useful. It is a parameter that may be employed to supplement other 
factors in the attempt to increase extraction efficiency. When lower extraction 
temperature or particles of larger size is used, a longer extraction time allows better 
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recovery of the desired constituents. On the other hand, when higher temperature, 
larger L/S ratio or smaller particle size is used, the extraction time could be reduced to 
avoid excessive extraction of undesired components from the feed materials. 
 
The extraction time in a continuous extraction process is also referred to as the 
residence time or retention time. For the horizontal screw continuous countercurrent 
extractor, the residence time is defined as the time taken to convey each particle or 
discrete unit of the feed material through the effective length of the extractor (Binkley 
and Wiley, 1978; Østerberg and SØrensen, 1981; Gunasekaran et al., 1989; Kim et al., 
2001, 2002; Wiesenborn et al., 1993, 1996). As the residence time varies linearly with 
the rotation of the drive shaft, it is mainly controlled by the rotational speed of the 
helical screw (Binkley and Wiley, 1978; Clarke, 1987). The residence time is also 
partially affected by the angle of inclination of the extraction chamber, with the effect 
more obvious at larger angle of inclination (Woodcock and Mason, 1987). An ideal 
residence time allows complete extraction of bioactive constituents from the feed 
material as it passes through the effective length. However, Østerberg and SØrensen 
(1981) reported that the influence of residence time in continuous countercurrent 
extraction is not as critical as those of temperature and L/S ratio. Depending on the 
feed materials, the residence time that had been employed ranged from 15 min to 2 h, 
with most lying between 20 to 90 min (Clarke, 1987; Noah and Linden, 1989a; 
Wiesenborn et al., 1993). 
 
Residence time can be calculated using mathematical equations that take into account 
the volume and length of the extraction chamber, solids flow rate and the density of 
the solids packing (Gunasekaran et al., 1989; Hugot, 1972; Østerberg and SØrensen, 
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1981). It is, however, often obtained by dividing the volume of solids in the extraction 
chamber (Vm) by its volumetric flow rate (Fm) (Gunasekaran et al., 1989): 
Residence time Tm = Vm / Fm         (9) 
The value of Vm is affected by the packing of solids. The flow rate is dependent on the 
rotational speed of helical screw, bulk density of solids, cross-sectional area of the 
moving
 
solids bed and loading factor. The latter varies with the nature of the solids 
and the angle of inclination of the extraction chamber (Woodcock and Mason, 1987).  
 
However, due to the laborious work that has to be carried out to determine the 
abovementioned parameters, residence time is often estimated experimentally. 
Methods have been developed to determine residence time by either measuring the 
time elapsed between initiation of material feed and discharge upon start up (Binkley 
and Wiley, 1978) or by feeding dyed tracers during the process and recording the 
emergence time of the tracers (Wiesenborn et al., 1993, 1996; Østerberg and 
SØrensen, 1981; Noah and Linden, 1989a; Davidson et al., 1983). The former method 
tends to underestimate the residence time while the latter method tends to 
overestimate the residence time. Østerberg and SØrensen (1981) reported that the 
study on residence time distribution of solids in a De Danske Sukkerfabrikker (DDS) 
diffuser showed the formation of solid plug flow that was critical for uniform 
extraction.  
 
4.2.3.3.4 Angle of inclination of extraction trough 
The extraction chamber of a horizontal screw continuous countercurrent extractor is 
also known as the extraction trough. The liquid level in the extraction trough is 
mainly controlled by the angle of inclination of the trough and the position of the 
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extract outlet. The angle is adjusted such that the liquid covers 75 % of the solid bed 
(Schwartzberg, 1980). Besides the permeability of the solid bed, the angle also 
determines the rate of solvent flow through the solid bed under gravitational 
influence. A suitable solvent flow rate is essential for high extraction efficiency. As 
the solids generally show resistance to flow, a small angle of inclination has little 
effect on their overall movement through the trough (Woodcock and Mason, 1987).  
 
The effect of angle of inclination on extraction efficiency is only significant when a 
large angle is used (Binkley and Wiley, 1978; Kim et al., 2002). A higher soluble 
solids recovery obtained with a larger angle of inclination as solids tend to fall 
backwards, reducing its forward movement while increasing the contact time with 
solvent (Woodcock and Mason, 1987; Kim et al., 2002). However, a steep angle of 
inclination may cause rapid solvent flow and marked impairment to solids movement, 
thus, not allowing full utilization of the solvent capacity for extraction. A smaller 
angle was employed for coarse particles whereas a larger angle was better applied to 
smaller particles that formed less permeable solids bed (Schwartzberg, 1980).  
 
4.2.3.3.5 Particle size and size distribution 
Particle size affects the rate of extraction. Smaller particles possess greater specific 
surface area and shorter intra-particle diffusion path to facilitate mass transfer 
(Aguilera and Stanley, 1999). However, the following limitations offset these benefits 
of using fine particles for extraction. Extensive milling employed to produce fine 
particles of size smaller than 100 µm may rupture plant cells and cause large amounts 
of undesired cellular substances, such as starches, colloidal and fat-soluble 
compounds, to be released into the solvent (Zhang et al., 2005; Aguilera and Stanley, 
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1999). Recovery of bioactives was significantly reduced when plant parts with high 
starch content, such as roots, are finely milled and extracted with water at a high 
temperature (Hromádková, 1999). The solubilized starches were found to retard mass 
transfer at the particle surface. Besides, fine particles tend to form compacted solids 
bed that is poorly permeable to liquid. Therefore, it is important to employ feed 
material of appropriate particle size. 
 
Particle size distribution also affects the permeability of the solids bed. Narrower 
particle size distribution enables a more uniform packing with regular porosity. This 
allows uniform solvent flow through the solids bed for uniform extraction of all the 
particles. A broader or bimodal size distribution is typical of a blend of coarse and 
fine particles. As fine particles may fill the interstices or voids among the larger 
particles, such a blend generally forms a compacted solids bed with less voidage and 
lower permeability. The solvent tends to flow through preferential channels, leading 
to uneven extraction where some particles are fully extracted while others, under-
extracted. The flow of solvent is impeded progressively as the permeability of the bed 
decreases and pressure drop across the bed increases. The bed may collapse and 
further hampers the operation of the extractor (Clarke, 1987; Treybal, 1980).  
 
The impediment of solvent flow due to pressure drop across the solids bed does not 
exist in horizontal screw continuous countercurrent extraction where the solids are 
conveyed by the rotation of a helical screw. The solvent flow rate is primarily 
dependent on the permeability or drainage property of the solids bed (Kim et al., 
2001). Therefore, the performance of this extraction system is affected by the particle 
size of the feed material (Schwartzberg, 1980). Plugging problems are often related to 
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the use of fines in continuous countercurrent extraction. Fine particles tend to form a 
muddy mass that accumulates at the bottom of the extraction trough. They are also 
easily carried by the solvent flow as part of the extract in the collection vessel, 
potentially clogging the extract outlet pipeline and filter in the process (Kim et al., 
2002). It was suggested that particles of size below 0.5 mm should be kept within 5 -
10 % or below of the feed material (Bombardelli, 1991). Nevertheless, moderately 
small particles may be employed to overcome the low extraction efficiency arising 
from L/S ratio that falls outside the optimum range.   
 
4.2.3.3.6 Solvent composition 
The choice of solvent is important because the extraction rate is dependent on the 
solubility of the compound in the solvent used. The selectivity of the solvent affects 
the purity of the extracts obtained. The weight ratio of the bioactive constituents to the 
total solids recovered was found to be influenced by the solvent type and composition 
(Powell et al., 2005a). Water and alcohol are the two most commonly used solvents 
although they possess rather low selectivity. Both solvents are relatively inexpensive 
and non-toxic. However, water is not as good as alcohol for extracting Chinese herbal 
medicine because it causes more mucilaginous substances such as starch to leach out 
of the herbs and form a paste at high temperature (Guo et al., 2001). Besides high 
selectivity for the desired constituents, the extraction solvent should ideally be 
inexpensive, nontoxic and non-inflammable.  
 
A combination of water and alcohol can provide high extractive power for a wide 
range of low molecular weight bioactive phytochemicals such as alkaloids, saponins 
and flavonoids. Selectivity can be accomplished by varying the proportion of water to 
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alcohol. Alcohol and water in the volume ratio of 7:3 or 8:2 is commonly used for the 
extraction of woody parts of plants while a mixture with less than 50 % alcohol is 
recommended for aerial parts to avoid the extraction of chlorophyll, resinous and 
gummy substances (Bombardelli, 1991). A combination of water and ethanol can also 
cause the plant matrix to swell and allow better solvent penetration (Gertenbach, 
2002). 
 
4.2.3.4 Development of mathematical models for continuous countercurrent  
extraction 
A number of mathematical models have been employed to characterize the extraction 
pattern and performance of the continuous countercurrent extractor (Table 2). The 
extraction pattern is often expressed by the profile of the solute concentration along 
the extraction trough. 
 
In continuous countercurrent extraction, the solute concentration is expected to be 
depleted progressively as the feed material is conveyed along the length of the 
extractor and comes in contact with the solvent of decreasing solute concentration. 
The ultimate objective of continuous countercurrent extraction is to maintain a 
uniform concentration difference between the solid and liquid phase along the 
effective length of the extractor trough, in order to provide a constant driving force for 
extraction (Gunasekaran et al., 1989). In one study, sampling of the spent solids 
showed a steady removal rate of the desired solutes from the solids (Kim et al., 2002).  
In another study using a single screw continuous countercurrent extractor, a linear 













































































































































































































































































































































































































































































































































































































































































































































































































obtained, indicating a uniform extraction rate along the effective length of the 
extractor (Binkley and Wiley, 1978). 
 
All the mathematical models mentioned in Table 2 demonstrated an exponential 
decay concentration profile of the solids along the length of the extractor 
(Gunasekaran et al., 1989; Østerberg and SØrensen, 1981; Hugot, 1972; Noah and 
Linden, 1989b). These models allow the solute concentration at any point in the 
extractor, spent solids and exit extract to be determined based on a number of 
operating parameters (Table 2).  
 
4.2.3.4.1 Prediction for recovery of soluble solids  
The procedures for analyzing the solute concentration in the solid and liquid phase are 
laborious and serve as an impetus for the development of equations to predict the 
recovery of solutes from the feed material. More simple equations have been 
developed to predict recovery of soluble solids by taking into account on the S/M 
ratio (Kim et al., 2001, Wiesenborn et al., 1993, 1996) or extractor length (Kim et al., 
2001) (Table 3). The equation developed by Kim and co-workers (2002) showed 
higher recovery of soluble solids with increasing length of the extractor. The suitable 
S/M ratio for an extractor with a given length can also be calculated (Kim et al., 
2001). 
 
4.2.3.4.2 Determination of stage efficiency for continuous countercurrent  
      extraction 
The efficiency of an extraction stage, which is also known as stage efficiency, 









































































































































































































































































































































































































































































































solvent can be reached. An ideal extraction stage has 100 % efficiency where 
equilibrium concentration is attained in the stage. Therefore, extraction efficiency 
increases with increasing number of ideal extraction stage in the design of the 
extraction system (Toledo, 1991; Gertenbach, 2002). For a batch operation, high 
extraction efficiency can be achieved by connecting a number of extractors in series. 
The mass balance determined on stagewise basis and the number of stages required 
can be determined from the McCabe-Thiele diagram (Gertenbach, 2002). The 
application of mathematical modeling to multistage countercurrent extraction has 
been discussed by Treybal (1980), Desai and Schwartzberg (1980), Spaninks and 
Bruin (1979). Often, equilibrium is deliberately not reached such that a concentration 
difference is maintained as a driving force for extraction and to reduce process time. 
As 100 % stage efficiency is not reached, a larger number of stages is required 
(Toledo, 1991). 
 
On the other hand, for continuous countercurrent extraction process, the number of 
ideal extraction stage is expressed as the length of a theoretical stage which can be 
determined by pilot testing (Gertenbach, 2002). Consequently, the height of a transfer 
unit (HTU) that represents the length of the extractor can be determined (Toledo, 
1991). The stage efficiency therefore can be increased by extending the length of the 
extractor or increasing the solid-liquid contact time. The mass balance in a De Danske 
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Continuous countercurrent extraction using a horizontal screw to convey feed material 
against the percolating solvent well features an ideal countercurrent mode of solid-
liquid contact that enables a high recovery of solutes with minimum solvent 
consumption. It is distinctive as a continuous extraction process with high throughput 
and good scalability among prevailing extraction processes. Its application is well-
established in the food industry but it has not been thoroughly investigated to exploit 
its full potential in the extraction of botanicals with medicinal value.  
 
The hypothesis of this research work is that continuous countercurrent extraction 
would provide a predictable and robust means to extract bioactive principles from 
botanicals. The quality of the extracts obtained could be enhanced by controlling the 
physical characteristics of the feed and the process variables of the extraction system. 
 
Therefore, the main objectives of this research are: 
(a) to study the effect of comminution methods and conditions on the physical 
properties of the feed material using licorice roots (Glycyrrhizia uralensis Fisch.)  
as the model bioactive botanical, 
(b) to study the applicability of a pilot-scale horizontal screw continuous 
countercurrent extractor for extraction of glycyrrhizic acid from the licorice roots, 
(c) to assess the impact of various process parameters and feed material properties on 
the yield of total solids and bioactive principle, and 
(d) to identify the critical parameters and optimize the extraction process to obtain 
extracts of the desired quality. 



























Licorice root (Glycyrrhiza uralensis Fisch, cultivated in Inner Mongolia, WHL 
Ginseng & Herbs Pte Ltd, Singapore) was the model bioactive botanical used. It was 
supplied in slices with thickness of 1 mm, length of 5 – 10 mm and width of 70 – 120 
mm. Potable water was used as the solvent for extraction. 
 
Glycyrrhizic acid ammonium salt (Sigma, Missouri, USA) was the standard reference 
used for HPLC analysis of the active principle of licorice root. Absolute methanol 
(HPLC grade, VWR ProLabo, Leicestershire, UK), glacial acetic acid (analytical 
grade, Merck, Darmstadt, Germany) and absolute ethanol (analytical grade, Far East 
Distiller, Singapore) were used where appropriate. 
 
2. METHODS 
2.1 Comminution of licorice roots 
2.1.1 Equipment  
A FitzMill® Comminutor (Fitzpatrick, Comminutor M5A, USA) was used to mill the 
sliced licorice roots to suitable size range for extraction (Figure 2). It consisted of a 
reversible rotating assembly in the comminuting chamber (Figure 3). The assembly 
was composed of blades, with each having a sharp edge on one side and a blunt edge 
on the other. The sharp edges were involved in cut milling when the assembly was 
rotated in an anti-clockwise direction. On the other hand, the blunt edges were 
involved in impact milling when the assembly was rotated in a clockwise direction. A 
retention screen was fitted beneath the rotating assembly to regulate the particle size 
of the milled product.  
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 Feed material 
Retention screen 











Sharp end of 
blade involved 
in cut milling 
Blunt end of blade 
involved in impact 
milling 
Rotating assembly 
Retention screen  
 
Figure 3 The rotating assembly of the FitzMill® Comminutor.
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2.1.2 Comminution study 
Sliced licorice roots of similar batch sizes of 450 g were introduced into the FitzMill® 
and comminuted by either cut milling or impact milling at rotor speeds of 1000, 2000 
or 3000 rpm. Retention screen with round perforation of 5 mm aperture size was used 
to allow larger particles to pass through and avoid the production of excessive amount 
of fines. Each batch was comminuted for 6 min. The fraction retained by the retention 
screen at the end of each milling condition, usually a small amount, was combined 
with the fraction that passed through the retention screen. The particle size and size 
distribution, bulk density, flowability and particle morphology of the combined 
fractions were analyzed as described in Section 2.5.1. The experiment was duplicated 
and results averaged. Based on the results, suitable milling conditions for 
comminution of licorice roots for extraction studies were identified.  
 
2.1.3 Comminution of licorice roots for extraction 
Sliced licorice roots were comminuted by cut milling at three different rotor speeds, 
1000, 2000 or 3000 rpm, to produce particles of three different size ranges for 
extraction studies.  
 
2.2 Soxhlet extraction 
Soxhlet extraction of the licorice roots was carried out using the Büchi Extraction 
System B-811 (Büchi Labortechnik AG, Switzerland) to determine the total 
glycyrrhizic acid (GA) content. The results served as a reference to evaluate the 




Comminuted licorice root samples of 1.0 g were placed in thimbles and then inserted 
in the thimble-holders of the Büchi Extraction System B-811. Portable water of 
volumes 100 ml were introduced in the solvent cups, which were then heated. They 
were four Soxhlet extraction sets and were operated simultaneously. For each 
assembly, the resultant water vapour condensed and filled the thimble-holder where 
the sample was extracted. When the liquid reached a specific volume in the thimble-
holder, the excess returned to the solvent cup. The solvent cycle was repeated 
continuously until the sample was exhausted. As extraction progressed, the extract 
collected in the solvent cup increased in bioactive concentration. The extraction was 
operated for 10 h to completely exhaust the sample. The extraction time was 
determined in a preliminary study where the extraction was considered completed 
when the concentration of bioactive in the extract became constant. The extraction 
experiments were carried out in duplicates and the extracts collected were analyzed 
for the contents of total solids (% TS) and glycyrrhizic acid (% GA).  
 
2.3 Coventional extraction by maceration 
Comminuted licorice root sample of 5 g was placed in a Schott bottle and 100 g of 
portable water, preheated to a specific temperature, was added. The bottle was then 
placed in a shaker water bath maintained at the same temperature. An aliquot of 5 ml 
was withdrawn at 5, 10, 15, 30, 45 and 60 min from the extracting liquid. An equal 
amount of water was replaced after each withdrawal to maintain the liquid-to-solids 
ratio (L/S ratio) at 20. The experiment was carried out in triplicates. The respective 
amounts of GA (% GA) and total solids (% TS) extracted over time, with respect to 
the dry weight of the licorice roots used, and the content of GA in total solids (% 
GA/TS) were determined. Using the above procedure, the extraction runs of 3 batches 
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of comminuted licorice roots with different size distributions were carried out at 85, 
90 and 95 °C. 
 
2.4 Horizontal screw continuous countercurrent extraction 
2.4.1 Equipment 
The schematic diagram and photograph of the pilot scale horizontal screw continuous 
countercurrent extractor (Niro A/S, Extraction Unit A-27, Denmark) are shown in 
Figures 4 and 5 respectively. The extractor consists of a pair of counter-rotating 
horizontal helical screws formed by ribbon flights to convey the feed materials in the 
extractor trough (Figure 6). Gaps between the ribbon flights allow the solvent to 
percolate through the moving solid bed more effectively. The feed materials are 
conveyed forward in a spiral movement at half the rotational speed of the helical 
screws. The solid-liquid contact time is therefore extended as the path length travelled 
is increased. In addition, the contact is enhanced by intermittent compression-
relaxation action of the rotating screws.  
 
The feed material inlet and the solvent inlet are located at opposite ends of the trough. 
The extract is collected at the outlet near to feed material inlet whereas the exhausted 
materials are discharged at the end near to the solvent inlet. The height of the extract 
outlet pipe can be adjusted to maintain a sufficient liquid level in the trough to ensure 
adequate solid-liquid contact. Feed materials and solvent are fed continuously into the 
extractor, and the extract and exhausted materials are removed simultaneously. The 
zone between the feed material inlet and the solvent inlet where extraction takes place 






























































































































































































































































Figure 5 Photograph of a pilot scale continuous countercurrent extractor (Niro 
A/S, Extraction Unit A-27, Denmark). 
 
 
Figure 6 Ribbon flights of the screw conveyor.
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The extraction trough is surrounded by three separate water jackets arranged in 
parallel such that a uniform temperature can be maintained throughout the process. 
The water temperature in these three jackets can be set to different levels 
independently, providing a versatile temperature control for better extraction 
efficiency.  
 
A liquid metering pump is used to introduce the solvent into the extractor at 
controllable rate to provide a suitable concentration gradient for effective extraction. 
The solvent can be heated to the desired temperature before introduction into the 
extractor. The inclination angle of the trough can be controlled by a hydraulic jack to 
maintain a suitable liquid level and solvent flow.  
 
2.4.2 Measurement of the process variables  
2.4.2.1 Determination of the residence time 
Researchers have developed various methods to correlate conveyor speed, one of the 
controlling variables of horizontal screw continuous countercurrent extractor, to a 
meaningful extraction process parameter, namely residence time or retention time 
(Wiesenborn et al., 1993, 1996; Østerberg and SØrensen, 1989; Noah and Linden, 
1989a). These methods were revised, modified based on the model of the pilot scale 
horizontal screw continuous countercurrent extractor used and applied in this study. 
 
The conveyor speed is represented as percentage (%) of its maximum speed and 
displayed on the control panel. It was first necessary to correlate the percentage 
shown for conveyor speed (%) with the actual rotational speed of the helical screw, 
expressed as revolution per hour (rph). Various conveyor speeds (%) were set and the 
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time that the drive shaft took to complete one rotation was determined. The 
relationship between the percent conveyor speed (%) and the rotational speed of the 
screw (rph) was established.  
 
Residence time is defined as the time taken by a single particle of the feed material to 
travel through the effective length. For this pilot scale extractor which has a total 
working volume of 27 L, the effective length is 120 cm. Brightly colored sponge 
cubes were used as tracers to determine the residence time. Two tracers were dropped 
at 15 min intervals into the trough during the run with the helical screws rotating. The 
mean time taken for each tracer to travel a specified distance at a certain rotational 
speed of the helical screws was determined and the corresponding residence time 
calculated as follows: 
Residence time (h) = 120 / [Distance travelled (cm) / Transverse time (h)]            (10) 
 
2.4.2.2 Determination of the material feed rate and flow rate 
The material was fed manually to the extractor by continuously filling the feed mouth 
to the brim so that the extractor was run at its full capacity at a given rotational speed. 
It was important to ensure that material feed rate was equal to material flow rate when 
the process was operated at steady state. Material feed rate and flow rate can be 
calculated as follows: 
Material feed rate (kg/h) = Dry weight of material fed (kg)/ Feeding time (h)         (11) 
 
 
Material flow rate (kg/h) =  
Total weight of feed (kg)/Time elapsed between initial feeding and final discharge (h) 




2.4.2.3 Determination of the solvent feed rate 
A liquid metering pump (Lewa metering pump EK 1, Leonberg, Germany) was used 
to deliver the solvent into the extraction trough. The solvent feed rate was calculated 
as follows: 
Solvent feed rate (kg/h) = [Vρ / t] / 1000 
     = [(pir2∆h) ρ / t] / 1000               (13) 
where V is the volume of solvent delivered (cm3), t is the time taken (h), ρ is the 
density of the solvent (g/cm3) and ∆h is the variation in the height of water level in the 
feed solvent tank (cm) of radius r (cm). The density of water was taken as 1 g/cm3 at 
room temperature of 20 to 23 °C.  
 
S/M ratio was used to represent the ratio between the amounts of solvent and solids 
used in this continuous process and was calculated as follows:  
S/M ratio = Solvent feed rate (kg/h) / Material feed rate (kg/h)             (14) 
 
2.4.3 Operation of the extraction process 
A known amount of comminuted licorice roots was steeped in water in the ratio of 1:2 
an hour before feeding it into the extractor. This was carried out to avoid solvent 
imbibition by the dry feed material at the inlet zone, which could prevent the 
attainment of a constant feed flow rate (Trebyal, 1980). The operation conditions were 
adjusted prior to start of actual extraction. The inclination angle of the trough and 
height of pipe leading to the extract outlet were adjusted. The desired extraction 
temperature and solvent feed rate were set and allowed to stabilize with the horizontal 
trough half-filled with water. Rotation of the screw was then initiated, followed by 
feeding of the material. The system was allowed to operate for a period of time to 
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achieve steady state when the volume and consistency of extract obtained became 
constant.  
 
2.4.4 Optimization study for the extraction of glycyrrhizic acid from licorice  
          roots 
2.4.4.1 Experimental Design 
An orthogonal array of L9 (34) was employed to study and optimize the extraction of 
GA from licorice roots. The experimental design allows an evaluation of the effects of 
four variables at three levels. The matrix is composed of four columns, each 
representing a variable, and nine rows representing nine experimental conditions 
based on the four variables at three different levels. The three levels can be either 
represented by the digits 1, 2, 3 or -1, 0, 1, with level of variable each appearing three 
times in the respective column. Each level of individual variable meets each other 
only once, thereby allowing a systemic evaluation of the effects of single, as well as 
combined variables (Zhu, 2000). The K value, which is the sum of the measured 
response for a certain variable at the same level, is determined. The RK value, which 
is obtained from the difference between the highest and the lowest K values for the 
variable indicates its impact, where a higher RK value indicates a more prominent 
effect (Heng et al., 2000, Liew et al., 2002). 
 
In this study, the effects of three process variables (temperature, residence time, 
solvent feed rate) and one variable of feed material (mean particle size) at three levels 
each on the extraction efficiency were studied (Tables 4 and 5). Three batches of 
comminuted licorice roots of different mean particle sizes were obtained by cut 
milling at 1000, 2000 or 3000 rpm.  
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Table 4 The variables investigated in the orthogonal experimental design for 
continuous countercurrent extraction. 













Residence Time  
(h) 
 





Particle Size  
(µm) 
 
1 85 1.1 10.2  573 
2 90 1.3 15.0  830 






























































































































































































































Comminuted samples of 4 kg were used for each extraction condition. The 
experiments were duplicated. The experiments were carried out without attaining 
steady state and on a batch basis to avoid unnecessary waste of materials. Noah and 
Linden (1989a) had shown that yields obtained during the continuous, steady state 
operation were comparable to those obtained at the unsteady state phase. Consecutive 
extracts collection was carried out in blocks of 30 min for assay of GA and total 
solids. The yield of total solids for each batch (% YTS), the amount of GA extracted 
from total weight of licorice roots used (% GA) and the GA content of the total solids 
(% GA/TS) were used as the major measured responses to evaluate the extraction 
efficiency. The critical variables which corresponded to high RK values and the 
optimal level for each variable which corresponded to the highest K value were 
identified. The optimum extraction conditions consisted of the optimum levels of the 
different variables. Based on the results, the optimum extraction conditions for % 
YTS, % GA and % GA/TS were predicted. 
 
2.4.4.2 Validation of the optimum extraction condition for the yield of total solids  
and glycyrrhizic acid content in total solids 
Comminuted licorice roots of 7.5 kg batch size were extracted using the predicted 
optimal conditions for % YTS and % GA/TS. The extracts collected were assayed for 
GA and total solids. The % YTS and % GA/TS obtained were compared with those 
obtained using other extraction conditions. If the predicted set of extraction conditions 






2.4.4.3 Rapid method for optimization of the extraction process 
A large sample of comminuted licorice roots with mean particle size of 830 µm was 
extracted using three extraction conditions (Table 6), selected from the orthogonal 
array in Section 2.4.4.1. The extraction procedure was similar, except that the 
extraction conditions were altered at appropriate times during one continuous 
extraction process.  
 
Table 6 Extraction conditions used in the optimization of the continuous countercurrent 
extraction process by the rapid method. 







Residence Time  
(h) 
 
Solvent Feed Rate  
(kg/h) 
 
1  85 1.3 15.0 
2  90 1.5 10.2 




Extraction condition 1 was set and allowed to stabilize. A portion of comminuted 
licorice roots was initially loaded into the extractor trough to fill up the first half of 
the trough so that a stabilized material flow could be established in a shorter time. The 
remaining roots were continuously fed into the extractor to full capacity through the 
feed material inlet. Tracers were then dropped together with the feed to estimate the 
approach of steady state. It was found in an earlier study that steady state was more or 
less attained when the tracers were found at the end of the extraction trough, i.e. after 
one residence time. Measurement of Brix value, an indicator commonly used in fruit 
juice processing to express the concentration of total soluble solids, was used to 
monitor the extraction of total solids during the process as it could be determined 
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easily using a refractometer and results obtained immediately (Østerberg and 
SØrensen, 1981). The Brix value of the extract was measured at 15-min intervals until 
a constant value was obtained. The latter indicates the attainment of steady state for 
extraction condition 1. The extract output obtained during steady state was separately 
collected in consecutive lot. The next extraction conditions were then reset and new 
tracers were dropped with the feed at the inlet. It was found in an earlier study that the 
temperature and solvent feed rate took approximately half an hour to stabilize. 
Therefore, a single residence time greater than half an hour was used to allow the new 
process settings to equilibrate. Brix measurements and separate extract samplings 
during steady state were carried out. The procedure was repeated for condition 3. The 
samples of extract collected were then assayed for GA and total solids. The results 
were compared with those obtained using the conventional optimization method 
described in Section 2.4.4.1. 
 
2.5 Sample analysis 
2.5.1 Physical characterization of comminuted samples 
2.5.1.1 Particle size 
Each representative comminuted sample of 100 g was fractionated using a nest of 
sieves (Endecotts, England) with aperture sizes arranged in a √2 progression from 125 
µm to 4000 µm. Sieving was performed on a mechanical sieve shaker (Retsch, VS 
1000, Germany) for 30 min at a vibration amplitude of 1 mm. The cumulative percent 
weight undersize was plotted and the particle sizes at 10th, 50th and 90th percentiles 
(X10, X50 and X90 respectively) were obtained. The mean particle size and size 
distribution were represented by mass median diameter (MMD) and span respectively 
and expressed as follows. 
EXPERIMENTAL 
 57 
MMD = X50                    (15) 
Span = (X90 - X10) / X50                  (16) 
 
 
2.5.1.2 Bulk density, Hausner ratio and Carr index 
Twenty five g (M) of comminuted sample was introduced into a 100-ml dry graduated 
cylinder without compacting and levelled carefully. The initial apparent volume (V0) 
was read to the nearest graduated unit. It was then tapped mechanically 
(Stampfvolumeter STAV2003, J. Engelsmann, Germany) until the difference between 
two consecutive readings was less than 2 %. The final tapped volume (Vf) was thus 
obtained. The experiment was carried out in triplicate and results averaged. Bulk 
density (DB), tapped density (DT), Hausner ratio (HR) and Carr index (CI) were 
calculated as follows. 
 
DB = M / V0                    (17) 
DT = M / Vf                    (18) 
HR = DT / DB                    (19) 
CI = (DT - DB) / DT x 100                  (20) 
 
 
HR and CI indicate the flowability of the comminuted samples, the former represents 
interparticulate friction whereas the latter shows level of the bridging. Lower HR or 
CI indicates better flowability. Samples with excellent flowability will have HR of 1 
to 1.18 and CI of 5 to 10 % whereas samples with very poor flowability will have HR 




2.5.1.3 Particle morphology 
Particle morphology was examined using a light microscope (BX61TRF, Olympus 
Optical, Japan) connected to a colour video camera (DXC390P, Sony Corporation, 
Japan) and image analysis system (Micro Image, Olympus Optical, Japan).  
 
2.5.2 Analysis of extracts  
All the experiments were carried out in triplicates and the results averaged. 
 
2.5.2.1 Total solids content 
The “total solids” refers to the residue obtained when a given amount of extract is 
dried to constant weight under specific conditions. Aliquots of the extracts were 
passed through Whatman filter paper No. 54 (Whatman International, Maidstone, 
England) to remove fine particles. Twenty ml of filtered extract was evaporated in a 
glass Petri dish to partial dryness on a hot water bath before complete drying in an 
oven at 105 oC to constant weight. The total solids content of extract (% TS) and the 
yield of total solids, represented the amount of total solids recovered from total weight 
of licorice roots used (% YTS), were calculated as follows: 
% TS = (Weight of dried extract / Weight of liquid extract) x 100                     (21)
         t            
% YTS = [∑ (% TS x Weight of liquid extract)i / Weight of licorice roots used] x 100  (22)
         i = 1            
 
where i refers to the time point of extract collection, which was carried out 







2.5.2.2 Soluble solids content 
The extract was centrifuged at 9839 g for 10 min (Kubota 1720, Japan) to sediment 
the solids. The supernatant was decanted and dried in the oven at 80 °C to constant 
weight to give soluble solids content. 
 
2.5.2.3 Brix value 
The Brix value of the extract was measured using an Abbé type refractometer (Atago 
N-1E, Tokyo, Japan) with a measurement scale in Brix %. As the calibration of the 
refractometer was done at room temperature of 20 °C, the value obtained was 
corrected using a temperature conversion chart against temperature of the extract 
during measurement.  
 
2.5.2.4 Glycyrrhizic acid content 
The soluble solids content of the extract was first obtained according to the procedure 
described in Section 2.5.2.2. The dried soluble solids sample was then dissolved in an 
appropriate amount of MilliQ water, followed by an equal amount of ethanol to 
precipitate very hydrophilic components such as starch, sugar and protein, which may 
interfere with the analysis. The sample was then clarified by passing it through a 
membrane filter of 0.45 µm pore size (Sartorius AG, Goettingen, Germany). The GA 
content was determined by high performance liquid chromatography (LC 2010A, 
Shimadzu Corporation, Japan) with a Hypersil BDS-C18 (4.6 mm x 100 mm) column, 
flow rate of 0.8 ml/min and column temperature of 40 °C. The clarified sample was 
diluted appropriately with the mobile phase, which consisted of methanol, water and 
glacial acetic acid in the volume ratio of 63:36:1, 10 µl was injected and GA 
determined spectrophotometrically (CDD-10Avp detector system, Shimadzu 
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Corporation, Japan) at 254 nm. Glycyrrhizic acid ammonium salt standard was used 
as reference for analysis.  
 
Percentage GA refers to the amount of GA extracted from total weight of licorice 
roots used. % GA/TS refers to the GA content in the total solids. A higher % GA/TS 
indicates that solids of higher bioactivity has been collected since the bioactivity is 
predominantly contributed by GA. % GA, % GA/TS and % Recovery are calculated as 
follows: 
             t            
        ∑ (Amount of GA in extract)i 
              i = 1            
% GA = ------------------------------------------- x 100            (23)
        Weight of licorice roots used 
 
 
  t           
            ∑ (Amount of GA in extract)i 
                      i = 1           
% GA/TS = ----------------------------------------- x 100           (24)
  t           
            ∑ (Amount of TS in extract)i  
                      i = 1           
 
 
       % GA obtained by continuous countercurrent extraction 
% Recovery = -------------------------------------------------------------------- x 100        (25)
         Maximum % GA obtained by Soxhlet extraction 
 
 
2.6 Statistical analysis 
Statistical significance of a given variable on the measured response in the orthogonal 
experimental design was determined using ANOVA. The influence of the variable 
was considered significant when p ≤ 0.05. 
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1. COMMINUTION OF LICORICE ROOTS 
1.1 Comminution study: Influence of cut milling and impact milling on licorice  
       roots 
1.1.1 Particle size  
The efficiency of cut milling and impact milling using the FitzMill® Comminutor was 
studied in order to select a suitable method to comminute the licorice roots to the 
desired particle size range for extraction. A typical size distribution plot from which 
X10, MMD and X90 were derived is shown in Figure 7. The influences of the two 
milling methods on the particle size and size distribution of the licorice roots are 
shown in Table 7. In both milling methods, a marked reduction in X90 and X50 (MMD) 
was observed as rotor speed increased whereas X10 was only marginally affected. The 
degree of size reduction in X90 and MMD was greater when the rotor speed increased 
from 1000 rpm to 2000 rpm than 2000 rpm to 3000 rpm. This suggests that the 
particles underwent different degrees of size reduction during milling and would 
eventually approach a limiting size range where no further size reduction would occur 
despite increasing rotor speed. This phenomenon had been reported (Staniforth, 
2001). Although licorice roots are an example of fibrous materials with elastic 
property, they exhibited fracture behaviour as for brittle materials. In a preliminary 
study, rotor speed less than 1000 rpm was found to be ineffective, suggesting that the 
degree of fracture was complicated by some degree of elastic property of the licorice 
roots. It has been reported that higher energy is required to initiate fracture 
mechanism in fibrous botanical materials (Himmel et al., 1985). 
 
The particle size of the comminuted licorice root samples decreased as the rotor speed 
of both milling methods increased. The stress is most intense at each impingement



































Figure 7 Size distribution of licorice roots comminuted by cut milling at rotor 
speed of 2000 rpm. 
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(Prasher, 1987a). Consequently, a higher rate of impingement due to higher rotor 
speed produced greater fragmentation of the material. Plant matrix consists of an 
intricate microstructure network with randomly distributed pores (Aguilera and 
Stanley, 1999). Compared to larger fragments, smaller fragments possess higher 
strength as they have less pores within the matrix and therefore require more energy 
for size reduction (Prasher, 1987b). Hence, when the rotor speed increased, particles 
of different sizes underwent different degree of size reduction (Staniforth, 2001) and 
progressively developed higher resistance to fracture as their size decreased (Prasher, 
1987b). This accounted for the lower degree of size reduction when rotor speed 
increased from 2000 to 3000 rpm. The lower size limit of both milling methods was 
around 75-93 µm. Generally, the smallest particle size that a milling process can 
achieve depends on the equipment used, energy input and properties of the materials 
(Staniforth, 2001). The elastic property of licorice roots has offset the energy exerted, 
resulting in a smaller degree of size reduction compared to friable materials with the 
same milling energy.  
 
The results suggested that cut milling and impact milling utilise different milling 
methods to produce particles of different size profiles (Table 7). With the same rotor 
speed, impact milling resulted in smaller MMD and X90 values than cut milling. 
Impact milling produced a higher proportion of fine particles than cut milling. This 
indicates that impact milling was more efficient than cut milling in reducing the 
particle size of fibrous botanical materials. The dissimilarity was more obvious at 
lower rotor speeds. In impact milling, blunt force is imparted across a wider area, 
producing more extensive fragmentation. On the contrary, cut milling applies a 
shearing force to cut particles and less extensive fragmentation is generated as the 
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sharp edge of the blade comes in contact with the particle over a much smaller area. 
Paulrud and coworkers (2002), as well as Himmel and coworkers (1985), reported 
similar findings when they compared the effects of these two milling methods on 
wood fuel powder and other types of biomass.  
 
1.1.2 Particle size distribution 
The effect of rotor speed of impact milling on span was variable whereas increasing 
rotor speed of cut milling increased span. A lower span value indicates a narrower 
size distribution. At the same rotor speed, impact milling produced comminuted 
samples with broader size distribution than cut milling. However, it was reported that 
cut milling generally produced particles of broader size distributions whereas impact 
milling produced particles of narrower size distributions (Staniforth, 2001; 
Gertenbach 2002). Thus, the influence of the milling methods on the particle size 
distribution is highly dependant on the properties of the material. Himmel and 
coworkers (1985) found that hammer-milled straw, a more friable material, showed a 
broader size distribution than hammer-milled aspen wood chips. Hence, the difference 
in size distribution observed in the present study was due to the interaction between 
material property and milling method. The impact force exerted by the blunt end of a 
blade was over a wider contact area of the particles. The larger contact area enabled 
the exertion of a more pronounced effect on crack propagation. Apart from the fines 
generated, the material was “bruised” to different extents based on the elastic 
property, pore distribution and mechanical strength of the particles. Therefore, a 
broader size distribution was produced. On the other hand, cut milling employed a 
shear force to cut the particle. The sharp edge of the blade had a smaller contact area 
to bring about the “impact effect” on the particle for crack propagation. The latter was 
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primarily influenced by the mechanical strength of the particle. The particles were cut 
by repeated action of the rotating blade to produce a comparatively narrower size 
distribution than impact milling.  
 
In cut milling, a higher rotor speed was found to increase the span of the comminuted 
licorice roots. Increasing rotor speed imparted greater energy for comminution. It was 
unable to reduce the X10 value which represents the lower limit of the particle size. 
However, it was able to decrease the MMD to a greater extent with respect to the X90 
value. This accounted for the slightly larger span with increasing rotor speed in cut 
milling. It is necessary to point out that the fibrous licorice roots were mostly 
comminuted to elongated particles. As the size analysis was carried out using sieves, 
though carefully controlled, some elongated particles slipped through the aperture of 
the sieves by their long axis. Thus, the trends observed were diminished. 
 
1.2 Comminution of licorice roots for extraction: the physical characteristics of  
       the comminuted samples 
1.2.1 Particle size and size distribution 
The results of the comminution study showed that impact milling produced a larger 
span than cut milling at the same rotor speed. As a narrower size distribution was 
desirable to study the influence of particle size on extraction, cut milling was chosen 
to comminute the licorice roots for the extraction study. The cut milling process was 
operated at three rotor speeds of 1000, 2000 and 3000 rpm, which were employed in 
the earlier comminution study. The effect of rotor speed on the particle size profiles 
showed similar trend with that observed in the comminution study (Table 8). 
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1.2.2 Particle morphology 
Larger particles were more elongated whereas smaller particles were found to be 
thinner and shorter (Figure 8). Lower rotor speed produced comminuted samples of 
larger mean particle sizes which were dominated by elongated particles. As rotor 
speed increased, the particles fractured to a greater extent and became thinner and 
shorter as particle size reduced. Similar changes in shape with respect to size of 
particles had also been reported by Scanlon (1999) in the comminution of dried 
gelatinized starch. Particle shape is dependent on the interaction between crack 
propagation and distribution of pores within the particle (Scanlon and Lamb, 1995). 
As observed in cut milling of plant matrix, the sharp edge of the blade imparted a 
shear stress on the licorice roots with randomly distributed pores (Aguilera and 
Stanley, 1999). When the fracture front met the pores within the matrix, the crack 
propagated at two planes which subsequently converged to release a sliver of 
elongated particle (Scanlon and Lamb, 1995). It was found that elongated fibrous 
particles tended to break along their longest axis to form thinner particles when the 
shear rate increased. As milling progressed, fracture occurred across the short axis to 
produce shorter particles. Therefore, larger amount of thinner and shorter particles 
were obtained at high rotor speed. 
 
1.2.3 Bulk density, tapped density and flowability 
A lower rotor speed was found to produce comminuted sample with higher DB and DT 
(Table 8). This was attributed to the interlocking of the larger and more elongated 
particles, forming voids in which the fines were trapped and compressed. Thus, the 
comminuted sample occupied a relatively smaller volume and gave rise to a higher











Figure 8 Morphology of comminuted licorice roots. (a) Elongated particles with 
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density. In contrast, the comminuted sample produced at higher rotor speed had 
smaller interparticulate voids which were probably not filled. Thus, the comminuted 
sample occupied a relatively larger volume and gave rise to a lower density. The 
above results were in agreement with the findings of another study which reported 
that the bulk density of a powder was a function of the size, shape and packing of 
particles (Abdullah and Geldart, 1999). The bulk density was postulated to depend on 
the extent to which the smaller particles were able to fit into the voids amongst the 
larger ones. The HR values of the different comminuted samples were similar (1.21) 
while the CI values varied within a narrow range of 17.04 to 17.24. Both HR and CI 
are commonly used to indicate flowability of powder, with HR reflecting the 
influence of interparticulate forces and CI the bridging potential (Heng et al., 2004). 
Despite the difference in DB and DT, the comminuted samples showed comparable 
flowability. A high HR (>1.25) or high CI (>26) indicates poor flowability of powder 
(Carr, 1965; Geldart, 1984). Since the HR and CI values obtained are 1.21 and about 
17 respectively, it could be inferred that all the comminuted samples demonstrated 
average flowability. 
 
2. SOXHLET EXTRACTION 
Soxhlet extraction operates on the basis of continuous percolation or repercolation. It 
is an exhaustive extraction process commonly used to determine the content of 
specific substances in a sample. As such, it also serves as a standard method against 
which the efficiency of other extraction methods is compared (Luque de Castro and 
García-Ayuso, 1998).  
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In this study, Soxhlet extraction was carried out at about 100 °C, which is near to the 
boiling point of water used as the solvent. Ong and Len (2003) showed that GA was 
stable up to 120 °C therefore thermal degradation of GA was unlikely to occur in the 
present study. The results of Soxhlet extraction showed that % TS increased while % 
YTS remained relatively constant when the particle size decreased (Table 9). The 
increase in % TS could be due to various reasons. In general, size reduction increases 
the specific surface area of particles and shortens the intra-particle diffusion path 
length. Size reduction may also break the cell wall and increase its permeability. 
These effects of size reduction will facilitate the extraction of substances, thereby 
increasing their recovery. It should be recalled that a comminuted sample composed 
of smaller particles had a lower density because it occupied a relatively larger volume. 
A larger volume of solvent was therefore expected to be entrapped within the bulk 
materials, resulting in a smaller volume of extract with a higher concentration of total 
solids. This reason is probably of major influence as the yield of total solids was 
relatively constant. Percent GA showed an inverse relationship with % TS. Hence, 
decreasing % GA was accompanied by decreasing % GA/TS. The aqueous extract of 
licorice roots was expected to contain a wide range of compounds other than GA as 
water is a non- selective solvent (Hromádková et al., 1999). The substances found in a 
hot aqueous extract of licorice roots were found to include proteins and 2 to 6 % of 
starches and other gelatinous substances (Xiao et al., 1993). These substances are 
capable of forming a complex with GA, thereby lowering the % GA obtained (Guo et 
al., 2001). This effect was found to be more pronounced when the integrity of the cell 
wall was destroyed by prolonged exposure to high temperature or by extensive 
milling (Aguilera and Stanley, 1999). It was also shown in a study on Soxhlet 
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extraction that a higher % GA or % GA/TS was obtained with a less extensively 
comminuted sample with particles of size above 2 mm (Guo et al., 2002). 
 
In this study on Soxhlet extraction, the highest GA content of 3.2 % was obtained 
from comminuted licorice roots with MMD of 1230 µm (Table 9). This represented 
the highest recovery which served as the reference to evaluate the recovery of GA in 
the optimization of the continuous countercurrent extraction process. 
 
3. CONVENTIONAL EXTRACTION BY MACERATION 
3.1 Effects of particle size and temperature on amount of glycyrrhizic acid  
       extracted 
The effect of particle size on extraction of GA from licorice roots by the maceration 
method at 85, 90 and 95 °C is shown in Figure 9. This indicates that GA was 
extracted at a faster rate when particles of smaller size were extracted at a given 
temperature. Smaller particle size facilitated extraction by having larger specific 
surface area and shorter pathway for transfer of GA from the root matrix to 
surrounding. On the other hand, higher temperature facilitated extraction by 
increasing the solubility and diffusion rate of GA. Hence, the extraction rate was 
faster when higher temperature was used and this trend is more clearly seen when 
smaller particles were used for extraction. Overall, when particles with MMD of 573 






















Figure 9 Amount of glycyrrhizic acid extracted by the maceration method from 
comminuted licorice roots of different particle sizes (MMD: 573, 830, 1230 µm) at 
different temperatures (T: 85, 90, 95 °C). 
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3.2 Effects of particle size and temperature on amount of total solids and  
       glycyrrhizic acid content in total solids extracted 
The effects of particle size and temperature on the amount of total solids extracted 
were similar to those for GA (Figure 10). The amount and extraction rate of total 
solids generally increased when the temperature was raised and the particle size 
decreased. The GA contents in total solids (% GA/TS) obtained under different 
conditions were plotted against time (Figure 11). The slope of the graph reflects the 
relative extraction rate between GA and total solids, with a steeper slope indicating 
that GA was extracted at a faster rate than total solids. Conversely, a plateau shows 
equivalent extraction rate for GA and total solids. It is seen in Figure 11 that the 
relative extractive rate was not constant. The difference in extraction rate may be due 
to selective transfer among multicomponents (Aguilera and Stanley, 1999; Noah and 
Linden, 1989; Wiesenborn et al., 1996). The latter is governed by the difference in 
molecular weight and solubility of the components (Wiesenborn et al., 1996). 
Murav’ev and Zyubr (1972) showed that flavonoids and GA were extracted at a 
higher rate than other extractable substances from licorice roots. This phenomenon of 
selective transfer needs to be considered particularly when extraction of specific 
components is desired. It is however not significant if the transfer is not 
predominantly dependent on molecular diffusion. In this study on extraction by 
maceration, the solvent in the vessel was only stirred gently. This simulated a nearly 
stagnant or laminar flow pattern surrounding the particles, allowing molecular 
diffusion to prevail. Therefore, the effect of selective transfer on the extraction of GA 
and total solids were significant. 





















Figure 10 Amount of total solids extracted by the maceration method from 
comminuted licorice roots of different particle sizes (MMD: 573, 830, 1230 µm) at 





















Figure 11 Content of glycyrrhizic acid content in total solids extracted by the 
maceration method from comminuted licorice roots of different particle sizes (MMD: 
573, 830, 1230 µm) at different temperatures (T: 85, 90, 95 °C). 
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In spite of the difference in extraction rate between GA and total solids, an 
equilibrium was ultimately attained. This could be achieved gradually over a 
prolonged period or rapidly by application of certain conditions. Extraction conditions 
comprising temperature of 95 °C and particles with MMD of 573 µm greatly 
enhanced the extraction rate and led to rapid recovery of GA and total solids, as 
indicated by the short time (15 min) taken to attain equilibrium state.  
 
The transfer of one component may be favored over others under certain extraction 
conditions. A higher level of % GA/TS indicated that GA was extracted more than 
total solids under a given extraction condition. Wiesenborn and co-workers (1996) 
showed that the concentration of total solids in extracts increased to a smaller extent 
compared to that of pectin as temperature increased. In this study, increasing 
temperature and reducing particle size favoured the extraction of GA over total solids. 
The results obtained were in contrast to those obtained in Soxhlet extraction where 
smaller particle size and high temperature led to lower % GA and % GA/TS. This may 
be due to the selective transfer that prevailed and shorter thermal exposure compared 
to Soxhlet extraction. Clearly, process variables displayed different effects in different 
extraction methods.  
 
In summary, temperature and particle size played prominent roles in extraction by 
maceration. Using appropriate conditions, extraction can be completed in a shorter 




RESULTS AND DISCUSSION 
 79 
4. CONTINUOUS COUNTERCURRENT EXTRACTION 
4.1 Measurement of controlling variables of the horizontal screw continuous  
       countercurrent extractor 
4.1.1 Residence time  
The measuring scale for conveyor speed of the extractor is expressed in percentage. 
The conveyor speed showed a linear relationship with the rotational speed of the 
screw (Figure 12). This relationship is expressed by the following equation which 
enables the conversion of conveyor speed to the corresponding rotational speed of the 
screw:  
Rotational speed of helical screw (rpm) = 0.016 x Conveyor speed (%) – 0.017     (26) 
 
The residence time of the feed material was largely dependent on the rotational speed 
of the helical screw. It was found to decrease as the rotational speed of the helical 
screw increased, in accordance with an inverse linear relationship (Figure 13). The 
correlation equation enabled preliminary estimation of the residence time based on the 
rotational speed of helical screw employed: 
Mean residence time (h) = -2.288 x Rotational speed of helical screw (rpm) + 1.967  
           (27) 
 
The data was obtained using tracers dropped into the empty trough without any feed 
materials. In the actual run, feed materials were continuously fed into the trough 
where it formed a compacted solids bed. The latter would pose a resistance to the flow 
of the materials. Hence, the estimated residence time would be expected to be slightly 
shorter than that of the actual run. Nevertheless, the estimated value was a useful 
indicator for the purpose of monitoring the extraction process.  
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Figure 13 Relationship between rotational speed of helical screw and mean 
residence time. 
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Besides the rotational speed of the helical screw, the residence time was also affected 
to a lower extent by the bulk density of the feed materials, configuration of the screw 
and degree of trough loading. These factors were in turn dependent on the physical 
properties of the feed materials and the angle of inclination of the trough.  
 
The residence time of the feed materials was inversely proportional to the material 
flow rate. Figures 14(a) and (b) show the correlation of material flow rate with bulk 
density and tapped density respectively. A stronger linear relationship was found to 
exist between tapped density and the material flow rate as indicated by the generally 
higher r2 value. At a given conveyor speed, the material flow rate was higher for 
samples with higher tapped density. Based on the data obtained, a model was 
developed to predict the material flow rate from the tapped density of the material and 
the conveyor speed employed for this extractor (Figure 15). 
 
The residence time tended to fluctuate, particularly when the material feed rate was 
not constant. The build-up of feed material in the trough led to the formation of a 
typical cylindrical solid plug (Figure 16). In order to maintain constant material flow 
rate and residence time, it was important to introduce the material at a constant rate 
which was near to the full capacity of the conveyor at a given speed. This enabled a 
consistent solid plug flow which was critical for uniform and efficient extraction and 
maintenance of steady state operation. 
 
4.1.2 Solvent feed rate  
Fluctuation in solvent flow rate is a common problem in the continuous 
countercurrent extraction operation. The solvent feed rate, angle of inclination of the
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Figure 14 (a) Relationship between bulk density of the comminuted licorice roots 
and the material flow rate at different conveyor speeds. 
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Figure 14(b) Relationship between tapped density of the comminuted licorice roots 
and the material flow rate at different conveyor speeds. 
 




































Figure 15 Model correlating material tapped density and conveyor speed with 
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trough and the permeability of solids bed were observed to affect the flow of the 
solvent. In this study, the solvent (water) was fed into the extractor with the aid of a 
liquid metering pump. Liquid metering pump uses high pressure to dispense the liquid 
and is commonly employed in pilot plants for both measuring and feeding purposes. 
However, the stability of flow can be impaired by several problems among which air 
or vapour build-up in the pipeline is the most likely in the present study. Hence, 
secondary method, such as volumetric measurement based on the change in liquid 
level of the solvent tank, was used to monitor the flow rate (Palluzi, 1992). The 
relationship between the meter reading of the pump and the water feed rate, obtained 
by measuring the variation in the height of water level in the feed solvent tank, is 
shown in Figure 17. The equation served as a guide to adjust the liquid pump to 
obtain the desired water feed rate. A solvent feed rate of 10.2 kg/h was used as the 
minimum level to reduce fluctuations due to low solvent feed rate as observed during 
the preliminary study. 
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Figure 17 Relationship between the meter reading of the liquid pump and actual 
water feed rate. 
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4.2 Optimization of horizontal screw continuous countercurrent extraction 
4.2.1 Optimization of process and feed variables for the yield of total solids 
The results and the analysis of the effects of the variables are presented in Table 10 
and Table 11 respectively. Only duplicate runs were conducted as the two sets of 
results obtained for % YTS were relatively similar. Besides, there was limited amount 
of material for study. The orthogonal experimental design is a useful tool for the 
optimization of multivariable processes and evaluation of the effects of the process 
variables (Heng et al., 2000; Wang et al., 2003, 2004; Dong et al., 2005). In this 
study, a larger RK value indicates a more prominent impact contributed by the 
variable. As shown by the RK values (Table 11), the % YTS was predominantly 
affected by the residence time, solvent feed rate and mean particle size. The K values 
show that the % YTS increased with longer residence time, higher solvent feed rate 
and smaller particle size. Smaller particle size provided a larger specific surface area 
and shorter diffusion path which facilitated mass transfer, resulting in higher % YTS. 
Longer residence times ensured sufficient solid-liquid contact for complete extraction 
whereas increase in solvent feed rate created a greater concentration difference to 
serve as a stronger driving force for mass transfer.  
 
As shown by the markedly lower RK value (7.66), temperature was found to exert a 
minor effect. This could be partially attributed to the small difference (5 oC) in 
temperature between consecutive levels in the experimental design. The good solid-
liquid contact attained in this extraction system could also have allowed complete 
recovery to be accomplished at lower temperature and shorter time, thereby offsetting 
the need of high temperature for better extraction efficiency. This is in contrast to 
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extraction by maceration where temperature displayed a more dominant effect on the 
extraction of total solids. As shown in the results for extraction by maceration 
(Section 3.2), the amount of total solids extracted at temperature above 95 °C was 
significantly higher than that at 85 °C. This is because solid-liquid contact is poorer in 
extraction by maceration, allowing the effect of temperature to be prominent.  
 
The total solids content included soluble as well as insoluble or suspended solids 
(Wiesenborn et al., 1993; Kim et al., 2001). The latter were mainly fine particles of 
the feed material that were carried by the flow of the extract. The amount of insoluble 
solids present in the extract depended on the extraction method and the separation 
process involved. Installation of a filter at the extract outlet was possible to minimize 
the amount of insoluble solids in the extract. As the extractor used in this study did 
not have a filter at the extract outlet, the liquid extract collected was passed through a 
filter paper before drying to constant weight. As the residue collected might not be 
entirely composed of soluble solids, it was referred to as total solids. The percentage 
of insoluble solids with respect to the total solids was found to be relatively constant 
at steady state. Although it is not always ideal, total solids has been used as an 
indicator of extraction efficiency because it could be easily determined with a high 
degree of precision (Binkley and Wiley, 1978; Wiesenborn et al., 1993, 1996, 1999; 
Kim et al., 2001, 2002). 
 
Figure 18 illustrates the impact of S/M ratio on % TS obtained. Linear regression 
analysis showed that % TS decreased proportionally with increase in S/M ratio, 
indicating that a more concentrated extract with higher % TS was obtained at lower 
S/M ratio. In contrast to extraction by maceration (Section 3.2) at which extract with   
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Figure 18 Relationship between S/M ratio and total solids content. 
 
1.6 % of total solids obtained at liquid-to-solids ratio of 20:1, continuous 
countercurrent extraction produced extract with higher % TS that ranged from 1.5 % 
to 3 % using lower S/M ratio, ranging from 2 to 6. A concentrated extract can reduce 
the cost for solvent evaporation and recovery. Yet, a low S/M ratio may not be able to 
provide adequate driving force for mass transfer and the total solids may not be 
completely extracted, contributing to losses in the % YTS. Therefore, an optimal S/M 
ratio is one that gives an extract with higher solids content without compromising the 
overall yield. This helps to expedite downstream processing and reduce operating 
costs.  
 
Further analysis of the results obtained for the continuous countercurrent extraction 
showed that the effects of residence time, solvent feed rate and mean particle size on 
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% YTS were statistically significant (ANOVA, p < 0.05, Table 12). Hence, these 
major parameters should be well controlled. The optimum extraction conditions were 
deemed to consist of process variables at the level that produced maximum measured 
responses. According to the K values, the optimal conditions for high % YTS 
consisted of A1B3C3D1, which corresponded to a temperature of 85 ºC, residence time 
of 1.5 h, solvent feed rate of 17.7 kg/h and mean particle size of 573 µm. 
 
Table 12 Statistical analysis (ANOVA) of the effects of process and feed variables on 
the yield of total solids obtained in continuous countercurrent extraction. 









Temperature (A) 2 4.91 2.46 2.94 p>0.05 
Residence Time (B) 2 32.64 16.32 19.55 p<0.05 
Solvent Feed Rate (C) 2 31.54 15.77 18.89 p<0.05 
Mean Particle Size (D) 2 24.31 12.15 14.56 p<0.05 
Error 9 7.50 0.83   
Total 17 100.90    
*p=0.05 (95 % confidence level) F (2,9) = 4.26 
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4.2.2 Optimization of process and feed variables for the yield of glycyrrhizic acid  
         and glycyrrhizic acid content in total solids 
Clearly, continuous countercurrent extraction was able to provide high total solids 
yield. Using total solids as a response parameter to study the extraction process helped 
to save time as it was easy to determine total solids content. However, a high % YTS 
does not necessarily equate to high recovery of the active principles. Generally, higher 
extraction temperature, longer extraction time, larger solvent feed rate and smaller 
particle size had facilitated the extraction rate and recovery of active constituents from 
botanicals. However, the impact of these parameters varied with the method of 
extraction and type of compounds to be extracted. It was therefore not clear if the 
optimal conditions determined for the extraction of total solids were applicable for 
GA. The recovery of GA under the different extraction conditions in the orthogonal 
design is shown in Figure 19. 
 
The effects of the process and feed variables on the % GA and % GA/TS are indicated 
by the RK values shown in Table 11. The RK values were observed to decrease in the 
following order: D (mean particle size) > C (solvent feed rate) > A (temperature) > B 
(residence time). Further statistical analysis showed that the effects of mean particle 
size and solvent feed rate on the % GA and % GA/TS were significant (ANOVA, p < 
0.31, Table 13, 14). Unlike % YTS, the corresponding % GA obtained in the two runs 
showed greater variations (Table 10). The same was observed for % GA/TS. Hence, a 
higher p-value was set in the statistical analysis of % GA and % GA/TS. According to 
the K values, the optimal extraction conditions for the extraction of GA consisted of 
A1B3C2D2, which corresponded to a temperature of 85 °C, residence time of 1.5 h, 
solvent feed rate of 15 kg/h and mean particle size of 830 µm. In an earlier analysis, 
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the optimal extraction conditions for total solids consisted of A1B3C3D1. The slight 
difference between the two sets of optimal conditions emphasizes selective extraction 


































Figure 19 Recovery of glycyrrhizic acid under different extraction conditions in 
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Table 13 Statistical analysis (ANOVA) of the effects of process and feed variables on 
the yield of glycyrrhizic acid obtained in continuous countercurrent extraction. 









Temperature (A) 2 0.21 0.11 0.61 p>0.31 
Residence Time (B) 2 0.14 0.07 0.38 p>0.31 
Solvent Feed Rate (C) 2 0.52 0.26 1.44 p<0.31 
Mean Particle Size (D) 2 1.05 0.53 2.94 p<0.31 
Error 9 1.66 0.18   
Total 17 3.58    




Table 14 Statistical analysis (ANOVA) of the effects of process and feed variables on 
the glycyrrhizic acid content in total solids obtained in continuous countercurrent 
extraction. 









Temperature (A) 2 2.28 1.14 0.91 p>0.31 
Residence Time (B) (2) (0.43) Pooled   
Solvent Feed Rate (C) 2 4.15 2.08 1.66 p<0.31 
Mean Particle Size (D) 2 5.84 2.92 2.34 p<0.31 
Error 11 13.78 1.25   
Total 17 26.05    
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4.2.2.1 Effect of particle size  
According to the optimization study for GA extraction, particle size had the highest 
RK value (Table 11) and showed significant effect on % GA (Table 13) and % GA/TS 
(Table 14). This indicated that particle size was the most important variable for 
extraction of GA in continuous countercurrent extraction. Intra-particle diffusion was 
the major rate-limiting factor in mass transfer. Particle size reduction overcame this 
resistance by providing a shorter diffusion path as well as larger specific surface area 
to facilitate mass transfer. However, it should be pointed out that the extraction of 
other substances was also enhanced when fine particles were used. Furthermore, the 
performance of this extraction system would be compromised if there was excess 
amount of fine particles as the latter had a tendency to form sediments and block the 
pipeline of the system. Particle size therefore played an important role in the 
extraction of GA and needed to be critically considered and controlled.  
 
Compared to other methods of extraction, particle size had not played as critical a role 
in continuous countercurrent extraction. In Soxhlet extraction, the maximum amount 
of GA extracted (3.2 %) was obtained by using particles with mean size of 1230 µm. 
The use of smaller particles enhanced the extraction of other substances, as indicated 
by the higher % TS. The total solids however interacted with GA and reduced its yield 
to 2.51 %. This phenomenon was not observed in continuous countercurrent 
extraction, probably due to the less harsh conditions involved. Using extraction 
conditions that consisted of A1B2C2D2, which corresponded to a temperature of 85 °C, 
residence time of 1.3 h, solvent feed rate of 15 kg/h and mean particle size of 830 µm, 
93 % of GA was recovered (Figure 19, test number 2). Clearly, continuous 
RESULTS AND DISCUSSION 
 95 
countercurrent extraction enabled efficient extraction at lower temperature and shorter 
extraction time. 
 
Good solid-liquid contact conferred by the features of continuous countercurrent 
extraction offset the need of using small particles for better yield. Hence, the higher 
cost and technical challenge to extensively milling of raw material to small particles 
can be avoided. In contrast, particle size played a critical role in extraction by 
maceration where solid-liquid contact was not as efficient (Figure 9). In extraction by 
maceration, particles with the smallest mean size of 573 µm produced the highest % 
GA of 1.92 %, or equivalent to recovery of 60 % GA.  
 
Besides having different mean particle size, the comminuted samples of licorice roots 
used also differed in tapped density. According to other studies, material properties 
that affect the permeability of the resultant solids bed may have an impact on 
continuous countercurrent extraction (Kim et al., 2002; Schwartzberg, 1980). The 
permeability of solids bed is related to its particle size, size distribution and bulk 
density. As observed in the characterization of the comminuted samples, those with 
larger MMD and lower span had higher tapped densities (Table 8). This was 
attributed to the fines filling up the voids among the larger particles. The solids bed 
formed was therefore less permeable to solvent for extraction of compounds. This 
could partly account for the lower % GA obtained. Conversely, comminuted samples 
with smaller MMD and higher span produced more permeable solids bed and were 
more efficient for extraction. Decrease in tapped density was associated with 
reduction in particle size and both contributed positively to the extraction of GA.  
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4.2.2.2 Effect of solvent feed rate  
Solvent feed rate was the second most important factor in continuous countercurrent 
extraction for GA as it had the second highest RK value (Table 11) and statistically 
significant effect on % GA (Table 13) and % GA/TS (Table 14). The continuous 
countercurrent flow maintained a concentration difference between the solid and 
liquid phase to serve as a driving force for mass transfer. A higher solvent feed rate 
created a larger concentration difference. This was accompanied by a more intense 
solvent displacement effect that continuously carried the extracted GA from the 
surface of feed particles to the bulk solvent, concurrently reducing the liquid film 
resistance to the minimum. The mass transfer rate was therefore markedly enhanced. 
However, in the case of aqueous extraction, a high solvent feed rate or S/M ratio 
caused the release of larger amount of undesired compounds. As observed earlier, 
total solids in large amounts interacted with GA and reduced its yield. Therefore, the 
solvent feed rate required proper control for maximum recovery of GA. 
 
The countercurrent flow allowed full utilization of the solvent capacity and high 
recovery at lower liquid-to-solids ratio, thereby greatly reducing solvent consumption. 
The S/M ratio employed in this study was varied from 2 to 6. A relatively low S/M 
ratio (3.82) was able to recover about 93 % of GA (Figure 19, test number 2). The 
liquid-to-solids ratio employed in the extraction by maceration was 20:1. This was 
five times higher but the maximum % Recovery was only 60 %. Clearly, continuous 
countercurrent extraction produced higher % GA at much lower S/M ratio. The 
comparatively lower extraction efficiency of extraction by maceration extraction was 
attributed to the inadequate solvent displacement effect and poor solid-liquid contact.   
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According to the results of the optimization study, the highest solvent feed rate 
produced the lowest % GA/TS while the intermediate solvent feed rate produced the 
highest % GA/TS (Table 11). Certain compounds that constituted the total solids were 
extracted more readily than GA and this accounted for the lower % GA/TS obtained at 
the lowest solvent feed rate (Wiesenborn et al., 1996). As solvent feed rate increased, 
the amount of GA extracted increased, resulting in higher % GA/TS. However, higher 
solvent feed rate markedly increase the extraction of undesirable compounds that 
interacted with GA and reduced its yield. This accounted for the lowest % GA/TS 
obtained. Hence, solvent feed rate or S/M ratio in continuous countercurrent 
extraction should be carefully controlled in order to achieve high recovery of GA.  
 
4.2.2.3 Effect of temperature 
Temperature displayed a less prominent effect than particle size and solvent feed rate 
on % GA and % GA/TS in this extraction system. Application of thermal effect 
enhanced the solubility and diffusivity of GA, thereby increasing mass transfer rate 
and complete extraction of GA in a shorter time. However, due to the intimate solid-
liquid contact, GA was extracted rapidly even at lower temperature. Therefore, the 
amount of GA extracted varied little within the range of temperature used in this 
study.  
 
The effect of temperature in continuous countercurrent extraction differed from that in 
extraction by maceration. As shown in the results for extraction by maceration, the 
amount of GA extracted at 85 °C was much lower than those at 90 °C and 95 °C 
(Figure 9). The highest amount of GA was obtained when 95 °C was employed. 
Conversely, in continuous countercurrent extraction, the maximum yield of GA was 
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obtained at 90 °C (Table 11). A lower operating temperature is recommended for the 
recovery of GA by continuous countercurrent extraction as this avoided excessive 
extraction of undesirable compounds as well as reduced thermal degradation of 
thermolabile active constituents.  
 
4.2.2.4 Effect of residence time 
Among the variables studied, residence time exerted the least influence on % GA and 
% GA/TS. Adequate residence time allowed maximal recovery of GA with the 
reduced undesired compounds extracted. Prolonged residence time caused the release 
of large amount of polysaccharides and proteins from disintegrated cells, forming 
floccules that complicated considerably the quality of active constituents extracted 
(Guo et al., 2001). In continuous countercurrent extractor, particles were conveyed 
forward in a spiral motion. This effectively increased the path length travelled within 
a specific length of the extractor. Combined with good solid-liquid contact, extraction 
of GA was possible to be completed in a shorter time. Therefore, the three levels of 
residence time used in this study did not produce any significant difference in the 
yield of GA. Hence, shorter overall process time can be achieved and critical control 
of residence time is not necessary.  
 
4.2.3 Validation of optimum process conditions 
The optimum process conditions for % YTS consisted of A1B3C3D1, which 
corresponded to a temperature of 85 ºC, residence time of 1.5 h, solvent feed rate at 
17.7 kg/h and particle size of 573 µm. On the other hand, the optimum process 
conditions for % GA/TS consisted of A2B2C2D2 which corresponded to temperature of 
90 ºC, residence time of 1.3 h, solvent feed rate at 15 kg/h and particle size of 830 
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µm. The % YTS and % GA/TS, as well as % GA, % TS and recovery of GA for these 
two sets of process conditions were obtained experimentally. The % YTS for 
A1B3C3D1 and % GA/TS for A2B2C2D2 should theoretically be the highest among all 
the results if the conditions were indeed optimum. Given the limited runs conducted, 
the values should at least be relatively high. The results of the validation study are 
shown in Table 15. The % YTS (37.04) for A1B3C3D1 was the highest while the % 
GA/TS (7.19) for A2B2C2D2 was close to the highest value obtained in the first set of 
run (7.26) (Table 10). The other values obtained were also relatively high. Hence, the 
conditions validated were optimum or at least close to optimum.  
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4.2.4 Rapid method for process optimization of continuous countercurrent  
extraction 
In the conventional approach to process optimization (Section 4.2.2), each run was 
conducted under a specific set of conditions, hence only a single set of result was 
obtained. As many runs have to be conducted, the study became tedious and time-
consuming. Theoretically, the optimization study could be conducted using a 
continuous mode, with each run conducted under different sets of conditions at 
consecutive time segments. However, to date, little attention had been paid to the 
practicability and limitations of this approach for an optimization study of the 
extraction process. Hence, it would be useful to investigate this approach with a view 
to develop a rapid method for optimization of an extraction process especially one 
involving considerable materials and process time to reach steady state.  
 
Changing of different sets of extraction conditions was carried out in a consecutive 
operation by allowing an interval in between for new conditions to reach steady state 
(Wiesenborn et al., 1993, 1996). In this approach, the wash out period between the 
two sets of conditions should be adequate and sampling was carried out only upon 
resumption of steady state. However, the duration of interval employed had to be 
variable. The difficulties in attaining steady state over an extended period of time had 
been addressed in a number of studies (Binkley and Wiley, 1978; Schwartzberg, 
1980; Noah and Linden, 1989a; Wiesenborn et al., 1993; Kim et al., 2002). 
Wiesenborn and co-workers (1996) proposed that an operation period of 120 to 420 
min was needed before steady state could be reached whereas Gunasekaran and co-
workers (1989) suggested a minimum operation period of two residence times.  
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In this study, a rapid method for process optimization was developed. Three 
conditions that have been employed in the optimization study were investigated in a 
continuous mode. The experiment began with the lowest temperature setting as the 
temperature of the system would take a longer time to equilibrate when a higher 
temperature was used and decreased to a lower temperature. The total solids content 
in the extract was monitored continuously during the run to estimate the attainment of 
steady state by the use of a refractometer to measure its equivalent Brix value. A 
linear correlation between Brix % and % TS had previously been established (Figure 
20) and correlated well, r2=0.993. The extraction efficiency of GA was indicated by 
the % GA/TS. In the conventional approach to process optimization, the yield was 
calculated based on the amount of GA extracted from total weight of licorice roots. 
However, when the process was operated continuously, it would be technically 
difficult to calculate the yield using that method. It was more feasible to evaluate the 
extraction efficiency using % GA/TS in a continuous process carried out under 
different sets of conditions over time.  

















Figure 20 Relationship between Brix percent and total solids content of extract. 
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The results of the rapid optimization method are shown in Figure 21. The three sets of 
conditions produced three levels of Brix % (indicative of total solids content) and % 
GA/TS. The Brix % and % GA/TS stabilized at a new level after one residence time 
upon application of a new set of conditions. This indicated the attainment of steady 
state. The first condition took a slightly longer time (1.42 h) than the estimated 
residence time (1.3 h). This is because the conveyor was empty at the beginning of the 
operation and therefore it took a longer time for the material flow rate to be stabilized 
after continuous feeding of materials started. This could be facilitated by loading 
some materials directly into the trough at the beginning of experiment. In this study, 
the trough was pre-loaded to one third of its length starting from the feed materials 
inlet before it was filled to full capacity by the rotating helical screw at a given speed 
while the materials were fed continuously.  
 
The reliability of the results depended on the attainment of steady state at which it 
was deemed to be reached when the solute concentration in the extract became 
constant. As mentioned previously, it was important to fill the conveyor to full 
capacity in order to attain steady state at shorter time and maintenance of the steady 
state condition. Fluctuations in the solid stream and liquid stream in the extraction 
trough were the major factors accounting for the longer unsteady state. Most of the 
previous studies were carried out by maintaining the rotational speed of the screw 
constant while materials were loaded by volumetric feeder at different rates (Binkley 
and Wiley, 1978; Kim et al., 2001, 2002; Wiesenborn et al., 1993, 1996, 1999). 
Segregation of feed materials tended to occur when the conveyor was not filled to full 
capacity, causing fluctuations in material flow rate (Wiesenborn et al., 1993). The 
tumbling of particles was therefore more significant when the materials were lifted by 
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the ribbon flight, forming a non-ideal solid plug flow with wide residence time 
distribution. On the other hand, hydrodynamic instability of the liquid stream may 
arise from poor drainage of the solids bed and plugging of outlet or filter due to 
sediments (Spaninks and Bruin, 1980; Kim et al., 2002). Non-ideal solid plug flow 
therefore failed to create a constant resistance to the solvent flow, resulting in non-
ideal liquid plug flow with fluctuating flow rate (Wiesenborn et al., 1996). In a study 
carried out by Wiesenborn and co-workers (1999), the findings showed that the 
attainment of steady state was related to S/M ratio. Longer interval was required to 
attain steady state when lower S/M ratio was used. 
 
The results obtained in this rapid method showed a different trend from those 
obtained by the conventional approach. The extraction conditions 1, 2 and 3 in this 
study corresponded to the conditions used in test numbers 2, 6 and 7 respectively, in 
the conventional approach (Section 4.2.2). The lowest % GA/TS (5.1 %), average of 
the % GA/TS of the extract samples obtained during steady state, was obtained by 
condition 1 whereas the highest % GA/TS (5.6 %) was obtained by condition 3. In the 
conventional approach, the highest % GA/TS (8.93 %), average of the % GA/TS 
obtained in the duplicated run (7.2 % and 10.66 % respectively), was obtained in test 
number 2 (Table 10) whereas the lowest % GA/TS (6.84 %) was obtained in test 
number 7 (Table 10).  
 
The abovementioned results had been attributed to the gradual accumulation of fines 
at the bottom of the extraction trough over the 7 h run and had affected the overall 
extraction efficiency. Permeability of the solids bed reduced and the liquid level in the 
extraction trough rose above the solids bed gradually. The solve
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pass the surface of the solids bed rather than percolated through the solids bed 
effectively. Less total solids extracted by the conditions used later in the run, as 
shown by the decreasing Brix %, and had accounted for the higher proportion of GA 
in the total solids of the extract samples. However, the % GA/TS values obtained were 
generally of lower values than those obtained by the conventional approach as the 
extraction efficiency was affected. Therefore, the suitable particle size of the materials 
to be used in continuous operation should be larger than 830 µm to minimize the 
problems related to the sedimentation of fines.  
 
The applicability and limitations of the rapid optimization method were investigated 
and established. After materials were fed to the full capacity of the conveyor, the 
fluctuations in material flow rate can be reduced and allowed the steady state to be 
attained in a shorter time and controllable way. With constant material and solvent 
flow rates, the steady state condition could be achieved after about one residence 
time. Besides, it was recommended that the temperature setting should start at the 
lower temperature setting. The sedimentation of fine particles at the bottom of the 
extraction trough after prolonged operation was found to be the greatest limitation to 
the use of this approach. Therefore, larger particle size had to be used to avoid this 
problem. Besides, the availability of an in situ/in-line or on-line monitoring tool to 
monitor the concentration of specific substances in the extract in order to identify the 
steady state as soon as it was achieved had been of great advantage. Though the 
results obtained showed some small differences form those obtained by the 
conventional approach, the proposed method shown to be useful as a rapid and 
reliable approach for the optimization study of a continuous countercurrrent extractor. 




























Continuous countercurrent extraction using horizontal screw to convey feed material 
against the percolating solvent featured an ideal countercurrent extraction mode with 
intimate solid-liquid contact for good extraction efficiency. The continuous 
countercurrent flow allowed a concentration difference between the solid and liquid 
phases to be constantly maintained as the driving force for mass transfer and a 
dynamic solvent displacement to facilitate the extraction. At the same time, intimate 
solid-liquid contact was achieved by the direct compression-relaxation effects that the 
rotating screws exerted on the feed materials and travelling path length was extended 
as the materials were conveyed forward in a spiral motion. These features had allowed 
high soluble solids recovery with minimum solvent consumption.  
 
The pilot scale horizontal screw continuous countercurrent extractor was shown in 
this study to be useful for the extraction of glycyrrhizic acid from licorice roots. The 
effects of temperature, residence time, solvent feed rate and mean particle size on the 
extraction efficiency were studied. Mean particle size and solvent feed rate were 
identified to be the critical controlling variables. The rate-limiting steps in mass 
transfer, due to intra-particle diffusion resistance and liquid film resistance, could be 
overcome by reduced particle size and increased solvent feed rate. However, the 
smallest particles and highest solvent feed rate studied imposed a negative impact on 
extraction efficiency by causing excessive extraction of impurities that in turn reduced 
the recovery of glycyrrhizic acid. The critical variables had to be properly controlled 
for optimum extraction efficiency. Using the orthogonal experimental design, the 





The influence of the process and feed variables on the extraction efficiency of 
continuous countercurrent extraction is noticeably different compared to conventional 
batch extraction where high temperature, high liquid-to-solids ratio, small particle size 
and long extraction time are often required. Moderate solvent feed rate, medium 
particle size, low temperature and short residence time in the range studied were 
found to be optimum for the recovery of glycyrrhizic acid. Compared to extraction by 
maceration, the effects of temperature and residence time on the efficiency of 
continuous countercurrent extraction were less significant. This was attributed to the 
good solid-liquid contact attained in the system and the countercurrent flow mode that 
facilitated the extraction rate, thereby allowing comparable extraction efficiency to be 
achieved in shorter time and lower temperature. The undesirable effects related to 
high extraction temperature can therefore be avoided and shorter process time can be 
employed without compromise in yield. 
 
Feed materials are often comminuted to enhance their extraction. The effects of 
comminution methods and milling conditions on the physical properties of the 
comminuted samples were studied. Cut milling and impact milling, which are two 
common methods for size reduction of fibrous botanical material, were employed. 
Comminuted licorice roots of smaller mean particle size were produced as rotor speed 
of the mill increased. Compared to impact milling, cut milling produced samples with 
larger mean particle size and narrower size distribution at the same rotor speed. The 
size distribution broadened as rotor speed increased. These observations were 
attributed to the different milling methods, different fracture behaviour between 
coarse and fine particles, as well as the elastic property of fibrous material. 




density as the voids among the larger particles were filled by fines. Such samples 
produced solids bed of lower permeabilities that were adverse to the performance of 
the extraction system. Therefore, the milling action on raw material was critical for 
producing particles of suitable physical properties for better extraction efficiency. 
 
The conventional approach to process optimization was tedious and time-consuming 
as it involved separate extraction runs to investigate each specific set of conditions. 
The feasibility of a rapid method for process optimization was studied. This involved 
the operation of a single run using different sets of conditions adjusted in 
tandem/consecutively. Filling the conveyor of the extractor to full capacity prior to 
the start of a run enabled constant material and liquid flow rates to reach steady state 
in a shorter time. The length of unsteady state upon changing to new set of extraction 
conditions was found to be approximately one residence time. Large amount of fines 
accumulated at the bottom of the extractor trough over prolonged operation and it 
contributed to inefficient extraction as the permeability of solids bed was reduced and 
solvent was not able to percolate through the solids bed effectively. Particles of larger 
sizes were needed for this approach of rapid optimization method. The inefficient 
extraction accounted for differences between the results obtained by the conventional 
and this rapid method. However, using the rapid method, a shorter time was needed 
for the optimization study. 
 
Overall, this study had established a better understanding of the operation of the pilot 
scale horizontal screw continuous countercurrent extractor and the impact of the 
various process and feed variables on its extraction efficiency. Operated under 




licorice roots. The extraction process can be easily optimized and is potentially useful 
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